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Preface
This thesis describes the results of the research that has been conducted during
four years of my PhD studentship at Radboud University Nijmegen. I started my
work on a project designed to combine two highly demanding but interesting research
fields: scanning tunneling microscopy and colloidal quantum dots. Many challenging
experiments have followed and a lot of interesting people I had the chance to meet.
I can say that these were very good years, but to be honest sometimes the things
did not went as smoothly as I would have liked. However, I know that if I would be
to choose again, I would probably do the same mistakes, but earlier. Now, the time
has come to finish and partially close one of the most challenging periods of my life.
I owe my gratitude to all people who made this thesis possible.
In the first place, I would like to express my gratitude and appreciation to Sylvia
Speller for giving me the chance to do a PhD in her group. Over the past four years
Sylvia has always made herself available for help and advice, whenever I needed.
I greatly admire her ambition and determination. I thank her for the faith and
enthusiasm showed for my research. I also appreciate the freedom that I had in my
work, which although difficult to deal with in the beginning, was enjoyable at the
end. I am greatly indebted to Danie¨l Vanmaekelbergh for the stimulating discussions
we had during my visits to Utrecht. I greatly appreciated his rigorous way of working
and his valuable input in interpretation of my results. His knowledge and intuition
on physics of quantum dots are impressive. My thanks also for Peter Liljeroth,
for his positive criticism and constructive observations to my manuscripts, and the
commitment to keep our research at a high level.
The interpretation of the experiments performed required the efforts of people
from different universities. I want to thank Christophe Delerue, from University
of Lille, for his work on the linewith in STS on semiconductor quantum dots. His
deep theoretical knowledge of solid state physics made possible to understand in
full extent our experimental results. I am also grateful for the opportunity that I
had in collaborating with Karin Overgaag from Utrecht University. We had lots
of interesting discussions during my visits to Utrecht. Her contribution was very
important in the interpretation of the measurements performed.
My activity as experimentalist developed mainly in the lab. Even if it was
not all the time easy, I had the opportunity to be surrounded by highly skilled
technicians, whom experience and enthusiasm helped me dealing with my difficult
set-up demands, in a state of the art equipped STM laboratory. I am especially
thankful to Jan Gerritsen for sharing with me his knowledge and long expertise
in scanning tunnelling microscopy. I am indebted to Jan Hermsen for teaching
me everything I know about UHV. I would also like to thank our secretaries Riki
Gommers and Marilou van Breemen for the administrative help I received and for
all enjoyable activities organized by them in the last years.
In our group I met Daniel Satnciu. He started his PhD a month after me, and in
the following years we spent a lot of time together. I enjoined our discussions about
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science, economy, politics, jobs and others. Our friendship has grown with years and
I will do my best to keep it alive.
There is somebody who stands out notably in my mind. Thank you Gabriela
Maris for making the hours spent in the lab pleasant and sometimes challenging due
to your stubbornness and determination. You made many of the occasions spent
outside work special, being a fantastic party organizer and a great cook. Thank
you Gabi for being a good friend, always ready to help and listen, sharing your
experiences of true expatriate survivor.
I also want to thank Cami Mironov from USA for her friendship, nice chats and
invaluable help with English.
Being part of a large group with different cultural and scientific backgrounds
have been fun and interesting. I thank all the group members for their friendship
and collaboration. Jelena, Duncan, Michiel, Jost, Joris, Minko thanks for nice atmo-
sphere in the lab, during the coffee breaks and our PhD lunches. The atmosphere in
the office was always enjoyable thanks to my roommates: Loic (the most quiet guy
I know, and the face I sow the most in my PhD), Marina (always friendly, open for
discussions), Sergiy (always explaining something), Kadir (just quiet, of course not
as quiet as Luic). The rest of my colleagues also contributed to the great atmosphere
in our group: Alexandra, Jing, Fred, Natascha, Fresia, Chris, Weishe, Jan, Dimitry.
I don’t want to forget the people who left: Roman (the best water skier), Bas (who
has an answer to any question), Ventsi, Sergy, Peter Schon (an AFM fanatic).
For the time spent outside the lab or office and many social activities, I am
thankful to all my Romanian friends in The Netherlands. I would like to thank Miha,
Dan, Calin, Delia, Nicu, Roberta, Simona, Saco, Adriana, Lucian for barbecues and
nice evenings in Nijmegen, Monica in Delft, especially for your help when I arrived
in The Netherlands. I want to thank Alina and Micutu, Mihaela and Primaru for
the nice weekends spent together in the last time (by the way, you guys should learn
some football-tennis). Thanks Odi and Oana from USA for nice chats. Many thanks
to Sorin, Viki (for cooking and hospitality), Mihai, Aliatu’, Edu for great weekends
we spent in Germany.
I don’t want to forget the summer holidays spent home, at Orastie together with
my good friends: Ade, Clau, Ovi Siserman, Mada, Pakito, Flaviu. I appreciate your
friendship guys and the great times we spent together. Furthermore, every time
I was in Romania I spent great days in Timisoara. For this I am grateful to my
brother Nita and his girlfriend Miha, my family in law Lucia and Daniel Foarce,
my good friends: Alina Bora, Ramona, Cristi, Florina and Ovi Pardut, Alina, Calin
Chira. A special thought for Lili and Bogdan.
I would like to thank with this occasion to a few people who did not have a di-
rect contribution to this thesis, but they contributed to my formation as a physicist:
Magdalena Ciurea from the Physiscs Institute Bucharest, Ion Lucian form Univer-
sity of Bucharest, Ion D. Valeriu my physics teacher at high school ”Aurel Vlaicu”
Orastie.
Of course, I want to thank my parents, grandparents and my brother. Sunt re-
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cunoscator celor care au crezut in mine si m-au sustinut cu dragoste neconditionata:
parintii, bunicii si fratele meu. Va multumesc pentru sacrificiile pe care le-ati facut
pentru a-mi da o buna educatie, pentru suportul pe care intotdeauna l-am avut din
partea voastra. Desi departe, ati fost prezenti in fiecare moment important pentru
mine.
Finally, I would like to thank my dear wife Alice for her continuous support,
patience and love. In the difficult times, when nothing seem to work, your optimism
and positive attitude gave me the strength to continue and see this dream of ours
realized.
Lucian Jdira
Nijmegen, April 2008.
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Semiconductor quantum dots
1.1 Introduction
Increasing demands for smaller and faster devices have pushed the microelectronic
industry to refine its fabrication methods and produce ever smaller scale systems.
However, as the fundamental limits are soon to be reached, new approaches and ideas
are needed for creating even smaller functional systems, with nanometer dimensions.
In response to the market’s requirements, in the past decades, the field of col-
loidal nanocrystals has experienced fast growth. The interest has been raised by
the unique opportunity that the colloidal nanocrystals offer: the bottom-up ap-
proach of molecular assembly, in comparison to the equivalent quantum dots pro-
duced by conventional top-down semiconductor processing techniques. This makes
the nanocrystals particulary interesting for nanotechnology, as it is a very scalable
process.
The materials that are treated in this thesis are colloidal semiconductor quantum
dots. We focus exclusively on their electronic properties. Making use of Scanning
Tunneling Microscopy (STM) and Spectroscopy (STS) techniques, we study the
properties at a relevant length scale, the nanometer scale. Eventually, the infor-
mation will be used to understand their macroscopic electrical and optical properties.
In the first sections of this introductory chapter a few questions will be addressed
(What is a quantum dot?, Why study quantum dots?), followed by an introduction
on the synthesis method used to prepare colloidal quantum dots. Finally, the outline
of the thesis is presented in the last section of this chapter.
1.2 What is a quantum dot?
Semiconductor quantum dots (QDs) are nanoscale materials in which the motion of
an electron is confined in all three directions. This leads to quantum-size effects to
which the dot owes its name.
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The terms quantum dot and nanocrystal (NC) are often used to describe the
same system. The terms are not synonyms though. A nanocrystal describes the size
of a small crystal, from 1 to 999 nm, and its electronic properties might not always
be dominated by quantum-size effects. A typical quantum dot contains between a
few hundred and a few thousand atoms, and its electronic properties can be ex-
plained only invoking quantum confinement. Another question is whether quantum
dots should be considered as large molecules or small crystals. The main difference
between the two classifications consists in the fact that the nanocrystals do not have
a definite number of atoms; adding a single atom to a nanocrystal does not change
significantly its properties. This distinguishes a nanocrystal from a cluster who has
a well defined number of atoms which is limited to certain ”magic numbers”. Thus,
a cluster is a true molecule.
The quantum dot term is relatively recent, but the effects of confinement have
been manifested in many observations before. In the 1920’s it was observed that
heating glasses containing CdS colloids, the onset of the absorption and the lumi-
nescence color shifts to longer wavelengths. This was correctly correlated to the
growth of CdS colloids upon heating [1]. In the 1960’s, researchers reported dif-
ferences between the absorption spectra of colloidal semiconductor particles and
the spectra of the corresponding macroscopic material [2–4]. The observed shift in
the absorption curve was unclear, being attributed to distortions of the conduction
and valence bands near the crystal surface, or to changes in the phonon spectrum
caused by crystal boundaries [2]. A major breakthrough took place at the end of
1960’s, when the Molecular Beam Epitaxy (MBE) method was developed at the
Bell Laboratories [5, 6]. Soon after the invention of the MBE, it was reported the
experimental observation of quantized energy levels of confinement charge carriers in
2D-structures [7]. Subsequently, researchers tried to reduce the dimensions of these
systems even further. In the 1980’s scientists started exploring also theoretically the
effect of the size on the electronic structure. This led to the understanding of the
nanocrystals properties in terms of quantum confinement [8–10]. A few years later
the name quantum dot was born [11]. An important step forward was made in
1993 when Murray, Norris and Bawendi proposed a new synthesis method to produce
highly crystalline, nearly monodisperse colloidal semiconductor quantum dots [12].
The combination of a good theoretical framework and sophisticated preparative tech-
niques has created a new field of material science that has attracted scientists from
many different fields. In the following paragraphs the interesting applications of the
quantum dots and the great physics behind them will be discussed.
1.3 Why study quantum dots?
The field of potential applications of quantum dots bears the promise of a great
variety of materials having specific properties, desirable in daily life.
To date, the most successful application is the use of colloidal quantum dots
as fluorescent probes in biological diagnostics, which was first demonstrated in
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1998 [13,14]. Colloidal nanocrystal quantum dots can easily be attached to DNA or
proteins by a sulphur-metal bond and can act as luminescent label to monitor bio-
logical reactions. Compared to conventional fluorophores, such as molecular dyes, it
turns out that the quantum dots have a narrower, tunable and symmetric emission
spectrum and are more photostable (long-lived). For the reason of these excellent
properties, an intense effort is put in modifying the surface of the quantum dots, for
their further use in imaging particular biological targets.
A more traditional area of applications are electro-optic devices, such as light-
emitting diodes (LEDs), photovoltaics (PV) and lasers. The colloidal nature of
quantum dots opens the route to cheap and large-scale processing of semiconductor
thin films using spraying or printing methods. The challenge is to combine their
good optical properties with equally good electronic properties. Great progress is
being made in this direction in recent years.
A few years after the introduction of organic LEDs, it was suggested that quan-
tum dots could also be used to produce LEDs with similar potential benefits [16].
Hybrid LEDs, that combine the easy use of organic materials with efficient lumines-
cence of colloidal quantum dots, have been realised [15]. To isolate the luminescence
processes from the charge transport, the quantum-dot LEDs (QD-LEDs) contain a
single monolayer of quantum dots between two organic thin films. In this way, effi-
ciencies of a few percentages have been achieved, sufficient for commercial interest.
In many respects, quantum dots are ideal lumophore for incorporation into LEDs
for large area flat panel displays (FPD). For example, CdSe quantum dots can emit
almost through the entire spectrum, from blue to red and their fluorescence is very
narrow and very bright. Because their emission can be tuned throughout the visible
spectrum, they can become the only lumophore necessary in a full colour flat panel
display. A prototype display has already been created combining quantum dots with
organic molecules and processing techniques of plastic electronics [17].
Another interesting approach would be to make use of colloidal semiconductor
quantum dots in electronic paper technology. The principal components of electronic
paper are tiny microcapsules containing positively charged ”white particles” and
negatively charged ”black particles” suspended in a liquid. In general the charged
particles are high refractive index materials. When a negative electric field is applied,
the ”white particles” move to the top of the microcapsule where they become visible
to the user. This makes the surface appear white at that spot. At the same time, an
opposite electric field pulls the ”black particles” to the bottom of the microcapsules
where they are hidden. The result is a black and white electronic paper. What
if mixture of colloidal semiconductor quantum dots of different sizes are used as
”black” and ”white” particles? When an electric field is applied, quantum dots with
a certain size would move to the top of the microcapsule which makes the spot to
appear colour, determined by the size of the quantum dot. The result would be a
colour electronic paper. However, a very good control of the charge quantum dots
would be required in this case.
Another possible application of quantum dots, highlighted by recent energy con-
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cerns, is solar energy conversion. Obtaining energy directly from the sunlight using
photovoltaic technology is being widely recognized as an essential component of
future global energy supply. The conversion efficiency has been limited by the relax-
ation dynamics of photogenerated carriers in semiconductor solar cells [18]. In recent
years has been proposed [19–23], and experimentally verified in some cases [24–26],
that the relaxation processes may be markedly affected by quantization effects in
semiconductors (i.e. semiconductor quantum wells, quantum wires, quantum dots).
This was in fact one of the early motivation for nano-materials and is very actively
researched by many groups. One way towards cheap solar cells with high conversion
efficiency is to make them from quantum dots, and semiconductor colloids are valid
starting point [27–29]. Moreover, selecting particle size would allow optimal tuning
of the absorbtion band gap to match the solar spectrum.
There are other promising applications such as using colloidal quantum dots to
make semiconductor lasers. Hence, there is a need for smaller size, lower power
consumption, and lower cost, semiconductor lasers that operate at high speeds and
even at high temperatures. Quantum dots have long been proposed as the best
semiconductor materials for highly efficient lasers [30, 31]. Three-dimensional na-
ture of quantization of electrons and holes in these nanostructures, provides sig-
nificantly improved temperature stability of the laser output characteristics. The
newly developed quantum dot laser demonstrates temperature independent oper-
ation, eliminating the need of expensive control schemes [32]. Furthermore, dried
films of close-packed colloidal quantum dots show great promise for further increase
of laser performance.
The distinct properties of colloidal quantum dots can be harnessed in assemblies,
and the resulting materials can have properties greater than the sum of its individual
components. For example, binary superlattices may enhanced electronic conductiv-
ity over the sum of individual conductance of single component [36]. An application
of the new materials could be as a ”thermoelectric” device. These are materials that
convert a heat gradient into a voltage, and can therefore serve as power generator
with no moving parts. The potential of such materials is enormous [37], but they do
not find applications yet, mostly because of the low efficiency even for the best ther-
moelectrics. However, such multicomponent superlattice approach of the materials
design is still in the early stage of development.
It is clear, from all that have been mentioned so far, that quantum dots have
a bright future ahead. They are a new class of materials where known principles
of physics are combined with modern chemical techniques to generate the optimized
properties for targeted applications.
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1.4 The single-particle energy levels of semicon-
ductor quantum dots
Fascinating for researchers are the fundamental aspects where ”quantum mechanics
is seen at work”: most of the macroscopic phenomena characterizing the quantum
dots can be understood and described by invoking quantum mechanics.
The wave function of electrons and holes confined in the quantum dots is the
basic feature determining the quantum dot properties. The properties can be un-
derstood from the perspective of what happens when a cluster of atoms grows, or
by considering what happens when the size of a bulk semiconductor is decreased.
These perspectives give rise to different approaches: the top-down approach and the
bottom-up approach.
1.4.1 Quantum confinement
Top-down approach
The top-down approach presents a convenient way to obtain quantitative estimates
of the energetic structure of the quantum dot. The main objectives are to show how
the electronic structure varies when going from bulk to quantum dots, from energy
bands to discrete energy levels.
To discuss this approach, a single electron in a crystal is considered. The time-
independent Schro¨dinger equation for an electron can be written as [40]:
− h¯
2
2me
∇2Ψ(x, y, z) + U(x, y, z)Ψ(x, y, z) = EΨ(x, y, z) (1.1)
where me is the mass of the free electron, E is the kinetic energy, and ∇2 = ( ∂2∂x2 +
∂2
∂y2 +
∂2
∂z2 ).
In the free-electron approach, the potential energy of the electron due to crystal
lattice of core ions, U(x, y, z), is neglected, and is taken as constant. In that case
the solution of Equation 1.1 for Ψ(x, y, z) is [40]:
Ψ~k(~r) =
1√
V
ei
~k~r, (1.2)
where ~r is the position vector (x, y, z) and ~k is the wave vector (kx, ky, kz). The
prefactor 1√
V
is due to the normalisation conditions, which require that the particle
must be located in the sample volume V . The kinetic energy is given by [40]:
E(~k) =
h¯2k2
2me
(1.3)
The occupation of the energy levels is in accordance with the Pauli principle. At
0 K, all the energy levels below the Fermi energy (EF ) are occupied by two elec-
trons of opposite spin. The occupation of the electron energy levels under thermal
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Figure 1.1: Dispersion relation of a particle in a one dimensional lattice of period a.
The Bragg reflection of the electros at the periodic lattice of the crystal
gives rise to energy bands in a macroscopic semiconductor.
equilibrium at T > 0 can be derived from statistical thermodynamics. The proba-
bility that an energy level, E, is occupied by an electron is given by the Fermi-Dirac
function [40]:
f(E) =
1
1 + e(E−µe)/kBT
(1.4)
where µe is the electrochemical potential (Fermi level) and kB the Boltzmann con-
stant.
In a crystal the particle is not free. For example, in an infinitely long monoatomic
lattice where the atoms are separated by a distance a, the particle experiences the
periodic potential from the positive cores of the atoms, V (x) = V (x+ a). The wave
functions Ψ(x) and Ψ(x+a) satisfy the same Schro¨dinger equation. They can differ
only by a phase coefficient, their amplitudes are equal. Such a wave function can be
written as [40]:
Uk(x) = exp(ikx) · uk(x) (1.5)
with uk(x) = uk(x + a) and where k is the wave vector, or crystal momentum.
Equation 1.5 represents the Bloch theorem which says that the eigenfunction of
the Schro¨dinger equation for a periodic potential is a plane wave modulated with a
periodic function which has the same periodicity as the potential.
Wave functions with wavenumbers differing by 2pin/a where n is an integer, are
equivalent. If we take the minimum at k = 0 all the physical and non-equivalent
k values are contained in the intervals: −pi/a < k < pi/a, pi/a < k < 3pi/a etc.
The region in k space between −pi/a and pi/a is the first Brillouin zone. Bragg
reflections occur at k = ±npi/a. At these special values of k, the wave functions are
standing waves composed of equal parts of waves travelling to the right and to the
left. The propagation of electrons will be prohibited. Consequently, the dispersion
curve, En(k), has discontinuities at the Brillouin zone boundary. This is illustrated
in Figure 1.1 for a particle in a one dimensional periodic lattice. The discontinuities
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lead to the formation of energy bands, separated by energy gaps. The derivation for
the x-direction can be used in a similar way for y- and z-directions.
The energy of a particle near the band edge can be approximately written as [40]:
E(~k) =
h¯2(k − k0)2
2m∗(k)
(1.6)
where k0 is the wave vector at an extremum in the band structure. This expression
is similar to Equation 1.3 when k0 = 0 and the mass of the particle is replaced by
its effective mass m∗. The effective mass is a measure of the response of a particle
to the periodic potential of the crystal. It is determined by the curvature of the
band [40]:
m∗ = h¯2
(
d2E
dk2
|k=k0
)−1
(1.7)
There are several properties of the effective mass which derive from Equation 1.7:
different extrema in the band structure have different effective mass; the effective
mass may be anisotropic (the band structure has different curvature in different di-
rections, resulting in different effective mass for different crystallographic directions);
electrons and holes can have different effective mass. In some semiconductors the
effective mass can be quite small, a tenth or a hundred of the free electron mass.
Although the Bloch theorem was derived only for large crystals and periodic
potentials, it is commonly applied also to quantum dots which have crystalline order
but dimensions corresponding to some tens of the lattice constant [39]. In the
simplest case of conduction band states in direct gap semiconductors, can be shown
that the electron wave function takes approximately the form [39]:
Ψ(x, y, z) = Uk(x, y, z)Φ(x, y, z) (1.8)
where Uk(x, y, z) is the Bloch wave function in the material. Φ(x, y, z) is an envelope
wave function solution of a Schro¨dinger-like equation [39]:
− h¯
2
2m∗
∇2Φ(x, y, z) + Vconf (x, y, z)Φ(x, y, z) = εΦ(x, y, z) (1.9)
We note here that the m∗ is the effective mass in comparison with the Equation 1.1
where me is the mass of the free electron. Vconf (x, y, z) is the confinement potential
which defines the quantum box.
For simplicity, we discuss a cubic box of dimension L surrounded by high energy
walls. The confinement takes place in all three directions of space. If the confine-
ment potential is large in the barriers, the problem for the lowest states can be
approximated by an infinite square well. Outside the box the wave function must
be zero. Inside the box the solutions of Schrodinger equation are standing waves.
If this would not be the case, the electrons would leak out of the nanocrystal. The
eigenfunctions are separable in x, y, z directions and we can write the solution of
Schro¨dinger equation as a product of one-dimensional wave functions [39]:
Φ(r) = X(x)Y (y)Z(z),
εnxnynz = εnx + εny + εnz (1.10)
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Figure 1.2: The dispersion relation for a particle in a confinement potential. The
reduced number of states leads to the formation of discrete energy levels
instead of energy bands.
With the origin to be at the centre of the box, the Equation 1.9 can be solved with
boundary conditions: X(x) = 0 at x = ±L/2. There are two classes of solutions
[39,41]:
kn =
nxpi
L
, Xn(x) =
1√
L/2
cos
nxpix
L
nx = 1, 3, 5, ... (1.11)
and
kn =
nxpi
L
, Xn(x) =
1√
L/2
sin
nxpix
L
nx = 2, 4, 6, ... (1.12)
Taking into account the two classes of solutions, the values of k are quantized,
being given by kn = nxpi/L, with nx= 1, 2, 3 etc. The corresponding wavelengths
are λx = 2pi/kn = 2L/nx, so that standing waves are only obtained if a half-integral
or integral number of the wavelenghts can fit into the box. As a result of the reduced
number of states and of the confinement of the electron wave functions, the E(k)
curve is replaced by discrete points as shown in Figure 1.2.
The three dimensional wave functions are [39,41]:
Φ(x, y, z) =
1√
L3/8
cos
nxpix
L
cos
nypiy
L
cos
nzpiz
L
nx, ny, ny = 1, 3, 5, ...
Φ(x, y, z) =
1√
L3/8
sin
nxpix
L
sin
nypiy
L
sin
nzpiz
L
nx, ny, ny = 2, 4, 6, ... (1.13)
The energy eigenvalues are given by [39,41]:
εnx,ny,nz =
pi2h¯2
2m∗
(n2x + n
2
y + n
2
z)
L2
nx, ny, ny = 1, 2, 3, 4, ... (1.14)
The main consequence of the quantum confinement is that the electronic spec-
trum consists of series of discrete energy levels. The energy and the degeneracy of
the energy levels depend on the size and shape of the box. In a cubic box the ground
state ε111 has a twofold degeneracy (including spin) and the first excited state level
(ε211, ε121, ε112) is six-fold degenerate. We recover the situation of an atom with
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Figure 1.3: (a) The first three energy levels and (b) the corresponding eigenfunction
of a particle in a infinite square well. In (b) the wave function com-
posed of a Bloch function and multiplied by an envelope function are
illustrated.
two-fold degenerate S state and six-fold degenerate P state. This is illustrated in
Figure 1.3 for the first three energy eigenvalues (a), and the corresponding eigen-
functions of the infinite square well (b). The wave function composed of a Bloch
function and multiplied by the envelope wave function is also illustrated. We note
here that for different quantum numbers (n=1, 2, 3 etc.) the Bloch function is the
same, while the envelope function is different. Moreover, for particles in conduction
and valence band the envelope function might be the same, but the Bloch function
can be different.
Bottom-up approach
To determine the properties of a nanocrystal via the bottom-up, the electronic struc-
ture can be obtained from Linear Combination of Atomic Orbitals (LCAO) method.
This approach assumes that the electron orbitals for a given molecule are expressed
as linear combination of the atomic orbitals surrounding each of the nuclei of the
molecule. To facilitate discussions about the method, the case of CdSe will be con-
sidered, as this is a prototype quantum dot material that was also studied in this
thesis.
The Cd has 5s valence orbitals, the Se has a hybridized 4sp3 orbitals. These
atomic orbitals combine to form the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO). This is illustrated in Figure 1.4
(a). The resulting occupied molecular orbitals have a lower electronic energy than the
occupied orbitals of the separate atoms, therefore, Cd and Se spontaneously combine
to form a CdSe molecule. Increasing the number of molecules, coupling between the
HOMO and LUMO orbitals produces more energy levels. In a macroscopic crystal
the separation between the levels becomes smaller than is experimentally observable,
and band structures are formed. Schematic of the electronic structure of bulk CdSe
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Figure 1.4: The bottom-up approach of the energy levels in a quantum dot. The
case of CdSe. (a) The atomic valence orbitals of Cd and Se that combine
into molecular orbital of a single CdSe molecule. (b) Schematic of the
band structure of the bulk CdSe. (c) Coupling between CdSe molecular
orbitals leads to progressively more energy levels until band result in a
macroscopic crystal. Intermediate between the CdSe molecules and the
CdSe bulk crystal are clusters and quantum dots.
crystal is shown in the Figure 1.4 (b). The origin of the valence band remains
the 4p states of Se, and the origin of the conduction band is the 5s states of Cd.
The conduction band has a unit cell angular momentum, Jz = 1/2. The valence
band has three-sub-bands, one of which has Jz = 3/2 (the highest energy band),
and two of which have Jz = 1/2. The effective mass in the conduction band is
0.1, while in the highest energy valence band the effective mass is 1 (heavy hole).
Below this valence band, a light hole band exists. The band gap (the difference
between the highest energy valence sub-band and the conduction band) is ∼ 1.75
eV at room temperature [51]. Clusters and quantum dots are between CdSe bulk
crystal and CdSe molecule. They have discrete conduction and valence levels and
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Figure 1.5: The shift of the lowest conduction level due to the injection of one elec-
tron (Σ) or two electrons (Σ+ J). The situation for holes is symmetric.
the conduction to valence gap is smaller than the HOMO-LUMO gap of the single
molecule, but bigger than the band gap of the bulk crystal. Figure 1.4 (c) summarizes
the transition from the molecular like electronic structure to band structure including
relevant confinement regimes.
The LCAO method is very powerful and in principle all the properties of a crystal
can be obtained. However, for a crystal with a few thousand of atoms calculation
of the wave functions is not trivial. This is done by theoretical groups specialized in
tight-binding calculations [43–46], pseudo-potential methods [47–49] and ab initio
calculations on very small clusters [50].
1.5 Electronic properties of semiconductor quan-
tum dots
In addition to affecting the electronic structure of quantum dots, quantum con-
finement has consequences for the quantum dot charging and charge transport. Some
relevant electronic properties that are size dependent are the polarization energy, the
Coulomb charging energy and the optical excitation energy.
1.5.1 Addition energy and quasi-particle gap
The energy required to add electrons to the discrete levels of a quantum dot can
be separated into a single-particle contribution, which describes quantum confine-
ment, and charging energy contribution [49, 52, 53]. There are three contributions
to the charging energy: the polarization energy, the Coulomb interaction between
additional electrons and the exchange energy between the parallel spin electrons [52].
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The addition of an electron or a hole to a neutral quantum dot results in a
polarization of the surrounding medium. This can be described by the addition
energy required to inject an electron or a hole in the LUMO or the HOMO respec-
tively [52,53]:
µe1(0 | −1) = εe1 +Σpole (1.15)
µh1 (+1 | 0) = εh1 − Σpolh (1.16)
where εe1 and ε
h
1 are the single-particle energies. The polarization terms Σ
pol
e and
Σpolh are the self-energies of the added electron and hole, in the electrostatic field
generated by its own image charge due to the dielectric constant discontinuity at
the surface of the dot [39].
The difference defines the quasiparticle gap Eqpg of the quantum dot [52,53]:
Eqpg = ε
e
1 − εh1 + 2Σpol (1.17)
which differs from the single particle gap E0g = ε
e
1 − εh1 by the quantity 2Σpol.
The addition energy for the second electron in the LUMO is given by [52]:
µe1(−1 | −2) = εe1 +Σpole + Jdire,e + Jpole,e (1.18)
The Coulomb interaction between the two electrons includes two terms: Jdire,e the
direct electron-electron contribution, and the polarization contribution Jpole,e , which
arises from the interaction of one electron with the image charge of the other electron
across the dielectric discontinuity at the surface of the dot [52].
The third electron is injected in the next single-particle level and the addition
energy is given by [52]:
µe2(−2 | −3) = εe2 +Σpole + 2(Jdire,e + Jpole,e )−Ke,e (1.19)
where Ke,e is the exchange energy between the parallel spin electrons in different
energy levels.
Similar expressions can be written for the addition energies of the holes. Figure
1.5 summarize the energy shifts of the lowest conduction and valence levels due to
the injection of one or two electrons, and one or two holes respectively.
1.5.2 Optical gap and selection rule for optical transitions
The process of exciting optically an electron from the highest occupied orbital to the
lowest unoccupied orbital of a neutral quantum dot is also influenced by quantum
confinement. The energy required by this process is the optical gap Eoptgap.
The optical gap can be expressed as [52]:
Eoptg = ε
e
1 − εh1 +Σpole +Σpolh − Jdire,h − Jpole,h (1.20)
The electron-hole Coulomb energy consists of a direct Coulomb contribution Jdire,h
and the polarization contribution Jpole,h , which depends strongly on the dielectric
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environment. The polarization contribution Jpole,h tends to cancel the self-energy
contribution Σpole +Σ
pol
h . As a result, the optical gap depends weakly on the dielectric
environment.
The energy of the exciton as a function of the dot radius has been modelled
by Brus for a spherically symmetrical potential box with infinite barrier, using the
effective mass approximation [9, 10]:
Eoptg = Eg +
h¯2χ2nl
2m0r2
(
1
m∗e
+
1
m∗h
)
(1.21)
where Eg is the bandgap of the bulk semiconductor, χnl is the nth root of the Bessel
function and l the order of the function.
As in any other transitions, in optical transitions there are physical properties
that must be conserved: energy, charge, linear momentum and angular momentum.
The energy is conserved by choosing a photon with a right wavelength, the charge is
conserved by creating an electron-hole pair in an interband transition or performing
an intraband transition of an electron or hole. The conservation of linear momen-
tum is reduced to the conservation of the crystal momentum as long as the linear
momentum of a photon is well approximated by 0 (the wavelength of a photon is
much larger than a unit cell). The linear momentum in a small crystal is zero,
consequently the conservation of linear momentum is realized for any transition.
The conservation of angular momentum requires the orbital angular momentum to
change by 1 when a photon is absorbed or emitted (a photon is a spin 1 particle):
∆l = ±1, where l is orbital angular momentum. Therefore, there is an additional
selection rule: the parity of the initial and the final states has to be different.
1.6 Colloidal semiconductor quantum dots
The CdSe nanocrystals discussed in this thesis were prepared in the ”Chemistry and
Physics of Nanostructures” group of Prof. Danie¨l Vanmaekelbergh.
The synthesis used is the so called ”Hot-injection method” [12,54]. According to
this method, a precursor solution of dimethyl cadmium, tri-n-octylphosphine (TOP)
and TOP selenide (TOPSe) is rapidly injected into a hot (∼ 3000C) coordinating
solvent, tri-n-octylphosphine oxide (TOPO). The injection creates a supersaturated
solution in which the nucleation takes place. Size control is achieved by rapidly
lowering the temperature after the nucleation step. This results in the growth of
very small (2-3 nm in diameter) CdSe quantum dots. Larger sizes are obtained by
continuing to grow the initially created small quantum dots by heating again the
reaction mixture.
The synthesis has two advantages. First, the separation of the nucleation and
growth steps produces narrow particle size distributions. Second, TOPO forms
covalent bonds to the surface of the nanocrystals. This ties up the dangling surface
bonds of the particle, provides the particles a high degree of solubility in nonpolar
organic solvents, and stabilizes the particles against agglomeration.
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1 nm
Figure 1.6: High resolution TEM image of a CdSe quantum dot 5 nm diameter [55].
The white spots corresponds to the channels in the crystal structure, the
black area indicates atomic position.
This synthesis results in highly crystalline inorganic CdSe quantum dots capped
with TOPO. The crystalline structure is shown clearly in the high resolution trans-
mission electron microscopy (HRTEM) photograph presented in Figure 1.6 [55].
Moreover, the nanocrystal is faceted, resulting in hexagonal shape along {100}
planes.
1.7 Outline of this thesis
Semiconductor quantum dots have tunable opto-electric properties and can be chem-
ically synthesized and manipulated, making them a promising material for many ap-
plications. The understanding of the physics of charge transport in quantum dots is
important for producing quantum dot based devices. This thesis highlights the scan-
ning tunneling microscopy and spectroscopy measurements contribution to advance
our understanding of quantum dot physics. They can provide a proper experimental
tool for both imaging and characterization in a nanometer length scale.
Firstly, in Chapter 2, the background of the scanning tunneling microscopy and
spectroscopy techniques is presented. The apparatus used for the studies presented
in this thesis will also be described.
In Chapter 3, the electronic structure of CdSe quantum dots is studied by scan-
ning tunneling spectroscopy. The number of additional electrons (holes) determines
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the tunneling regimes: shell-tunneling and shell-filling spectroscopy. In the shell-
tunneling regime, the single-particle energy levels are determined. Combining the
results from scanning tunneling spectroscopy and optical spectroscopy we obtain
the electron-hole Coulomb energy as a function of quantum dot diameter. In the
shell-filling regime more complex spectra are acquired. They are analyzed by solv-
ing the master equation for electron and hole occupancy of the quantum dot. From
the energy difference between the peaks we obtained quantitative estimates of the
Coulomb energy between two additional electrons in nanocrystal.
A phenomenon that was not well understood is the shape and width of the
observed conduction peaks in tunneling spectrum. In Chapter 4, the lineshape of
resonances in scanning tunneling spectroscopy associated with the single-particle
energy levels of CdSe quantum dots is considered. Calculating the current through
a level coupled to local vibration modes and estimating the influence of the other
physical mechanisms involved in the linewidth, we are able to rationalize the widths
of the resonances. Meaningful variations of the peak shape and width as a function
of the nanocrystal size are explained by polaron transport, while fluctuations of the
tunneling current are found to contribute substantially to the linewidth.
Chapter 5 presents a study of the electronic properties of CdSe semiconductor
quantum dots assembled in a multilayer array. Prior to the present measurements,
it was not clear whether a quantitative measurement of the local density of states
(LDOS) is possible on arrays thicker than a monolayer: a quantum dot bilayer
already consists of an insulating film of > 10 nm in thickness, seriously questioning
the assumption behind the simple field-over-tunnel barrier model that is commonly
used in interpreting electron tunneling spectroscopy. We show here that the quantum
dot energy levels can be measured quantitatively on both mono- and bilayer once
the effect of the potential distribution over the tunneling barriers and the quantum
dot layer has been taken into account. Furthermore, we establish ”selection rules”
for STS in a double-barrier tunneling junction based on the spatial symmetries of
the orbitals that are involved in the tunneling processes. Finally, this understanding
will be used to elucidate the effect of an asymmetric electric field on the electronic
spectrum occurring at a step-edge of the quantum dot layer.
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2
Scanning tunneling microscopy and spec-
troscopy
2.1 Introduction
In the 1590s, Zacharias Janssen, a Dutch glass maker invented the ”microscope”.
After more than half a century, the scientists published the first observations made
with a microscope: ”Micrographia” by Robert Hooke (1665). More than 300 years
later, in 1981 Gerd Binnig and Henrich Rohrer developed a new type of microscope,
able to resolve the atomic structure of solid surfaces [1]. The extremely high mag-
nification microscope technique was called Scanning Tunneling Microscopy (STM)
and opened the door to nanoscience and technology, a field that presently dominates
part of the chemical and physical sciences. The inventors received the Nobel Prize
for Physics in 1986.
The invention of STM had a tremendous impact on the development of science.
It enabled the study of the atomic structure of conducting surfaces (which are often
found to be different from bulk structures, i.e. reconstructed) with atomic resolution
in real space. Besides topography imaging, the STM offers the possibility of probing
the energy dependence of the electronic states with spatial resolution, i.e. scanning
tunneling spectroscopy (STS). STM and STS techniques are widely used in the areas
of physics, chemistry, material science and biology.
In earlier days, the main application of STM was to image the surface of a
material. Many STM studies have been carried out on III-V semiconductors and
metals for studying bulk imperfections [2–7] and surface states properties [8, 9].
Nowadays, STM and STM spectroscopic techniques are being used to measure the
energy levels on the nanoscale, and to modify the surface at atomic scale [10, 11].
Magnetic properties of the surfaces can be studied when a magnetic tip is used
(spin-polarized scanning tunneling microscopy) [12,13]. Furthermore, they enable to
study the electronic spectrum of nanoscale elements: individual (ad)atoms [14–17],
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atom vacancies [18], molecules [19–21], clusters [22,23], and semiconductor quantum
dots [24–26,31]. The nano-object under study is generally attached to an atomically
flat, conductive substrate, and the tip of the STM is placed above it. A tunneling
current is measured as a function of the bias between the tip and the substrate.
The peaks in electrical conductance vs. bias, i.e. the resonances in the tunneling
spectrum, would reveal all the energy levels of the nano-object that can mediate the
current between the tip and the substrate.
The focus of the present work is an extensive STM and STS study of the CdSe
quantum dots. The main motivation is to understand the charge transport in these
semiconductor nanocrystals. Important questions in this context are: what is the
electronic structure of such systems and how does it vary with nanocrystal size? Fur-
thermore, one would like to know how the environment responds while the charge
tunnels through the quantum dot. Optical absorbance, luminescence and excitation
spectroscopies have been used to study in detail the dependence of the optical tran-
sitions on the nanocrystal size, shape, and material [27–30]. It is, however, difficult
to separately investigate electron and hole energy levels by optical spectroscopy as
it inherently involves transitions between two levels, and not individual states in the
quantum dot. STS can overcome this limitation [31–34]. Tunneling spectroscopy is
able to provide unique information on the electronic properties of the nanocrystals
as it can probe the complete density of states in the absence of selection rules [28,34].
The next sections describe the background of STM and STM spectroscopic tech-
niques. Finally, the apparatus used in the experiments will be described.
2.2 Scanning tunneling microscopy
In STM a sharp metallic tip is used as a local probe to investigate the sample’s prop-
erties. The tip can be positioned with sub-A˚ngstro¨m accuracy in three dimensions
via piezoelectric actuators. If the distance between the tip and the sample surface is
reduced to a few atomic distances, the quantum mechanical wave function exhibits a
certain overlap and electrons can tunnel from the occupied states of one electrode to
the unoccupied states of the other electrode. By applying a bias voltage V between
the tip and the surface, a tunnel current I can flow.
The tunnel current has a strong dependence on the distance between the tip and
the surface z [35]:
I ∼ V exp(−2κz) (2.1)
In this approximation the decay rate κ is given by
√
2mΦ/h¯2 where Φ is the average
work function of the tip and the sample. For common materials κ is 1×1010m−1
and consequently, the tunneling current drops over one order of magnitude if the tip-
sample separation is increased by 0.1 nm. The strong z dependence of the tunneling
current is used in STM.
The most popular mode to operate the STM is the constant-current mode. In
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(a) (b)
Figure 2.1: (a) The first real space determination of the Si(111) 7×7 reconstruc-
tion (G. Binnig, 1983) [36]. (b) Typical STM topography of Si(111):
Iset−point= 0.5 pA, V= -1.7 V.
this mode, the tip is laterally scanned over the surface (x-, y-displacements). Si-
multaneously, the vertical z-displacement is regulated via the piezoelectric actuators
by a feedback system. If deviations occur, the feedback system adjusts the vertical
z-displacement to keep the tunneling current constant. The variations of the voltage
applied to the piezoelectric actuators are recorded for each point. The voltage can
be converted into distance changes, leading to a three dimensional image z(x, y) of
the scanned surface. The trace z(x, y) can be regarded as a good approximation of
the surface topography.
Figure 2.1 (a) shows the first STM topography of the Si(111) 7×7 surface recon-
struction measured by G. Binnig et al in 1983 [36]. The result solved the problem
of deriving a structural model of the complex unit cell of Si(111) surface and had a
great impact in further development of Si based technologies. Obtaining such im-
ages was far from trivial in those days. However, during the last two decades the
computer technology developed tremendously as well and the use of STM technology
and data analyzing became easier. Nowadays, a typical STM topography of Si(111)
looks as in the Figure 2.1 (b).
However, care has to be taken when analyzing the STM topography. The tun-
neling current does not only depend on the tip-sample distance, but it is also influ-
enced by the workfunction [37], electronic structure [38], chemical bonds and local
forces [39]. For instance, if the tip-sample distance becomes very small (this is often
the case for atomically resolved images) the tip-sample interactions such as forces
and chemical bonds may lead to additional effect on tunneling current [39]. When
a material is deposited on another material, the difference in the workfunction may
lead to additional effects in the tunneling current and consequently the apparent
height difference is not the geometrical one [37]. The influence of the electronic
structure on the tunneling current is utilized in STS and will be described in the
following section. As mentioned at the beginning of this chapter, STM and STS of-
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fer the opportunity to study the electronic properties of nano-systems on a relevant
length scale, which is the main motivation behind the studies reported in this thesis.
2.3 Scanning tunneling spectroscopy
Besides the ability to image the sample surfaces as contours of constant LDOS
in topographic mode, the STM provides the possibility to gain local spectroscopic
information on the surface. The main advantage is the high spatial resolution in
combination with high energy resolution at low temperatures. In this section the
theoretical background of STS is briefly reviewed.
Tunneling current: the case of the tip and the surface
We discuss the current between two electrodes in tunneling contact and separated
by an insulating barrier (tip/vacuum/surface).
In the framework of semiclassical Wentzel-Kramer-Brillouin (WKB) approxima-
tion the tunneling current between two planar electrodes can be expressed as [40,41]:
I =
2pie
h¯
(
h¯2
2m
)2 ∫ ∞
−∞
T (z, V, ε)[f(EF−eV+ε)−f(EF+ε)]ρs(EF+ε)ρt(EF−eV+ε)dε
(2.2)
where z is the tip-sample distance, V is the bias voltage, T (z, V, ε) is the tunneling
transmission probability, ρs(ε) and ρt(ε) are the LDOS of the two electrodes (sur-
face and the tip respectively), f(ε) is the Fermi-Dirac distribution function. The
main difficulty is the choice of adequate transmission coefficients T (z, V, ε). For a
trapezoidal barrier it can be estimated in the WKB approximation as [41]:
T (z, V, ε) ∼= exp
[
−2z
(
2m
h¯2
[Φ¯ +
eV
2
− (ε− ε‖)]
) 1
2
]
(2.3)
where z is the effective tunnel distance, Φ¯ = (Φs+Φt)/2 is the average work function,
ε‖ is the component of electron energy parallel to the tip and the sample surface.
Since the LDOS at Γ point in the k-space is the main contribution to the tunneling,
ε‖ ≈ 0 [41]. Furthermore, if the tunneling at low temperature is assumed, the
Fermi-Dirac function changes into a step function. Then,
I =
2pie
h¯
(
h¯2
2m
)2 ∫ eV
0
T (z, V, ε)ρs(EF + ε)ρt(EF − eV + ε)dε (2.4)
The tip-sample separation z is included inside the transmission probability function.
When z is 0, the tip and the sample are connected. Then, when z increases only the
exponential term changes.
Consequently, the tunneling current is proportional to the convolution of the
LDOS of the sample ρs(ε) and the tip LDOS ρt(ε) in the energy interval [0, eV ] in
between the Fermi level of both electrodes. Figure 2.2 shows the system of the tip
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Figure 2.2: System of tip and sample in tunneling contact: (a) V = 0 V, equilibrium,
no tunneling current; (b) V < 0 V negative sample bias, net tunneling
current from sample to tip; (c) V > 0 V, positive sample bias, net tun-
neling current from tip to sample.
and sample in tunneling contact in equilibrium, and with bias applied. The difference
between the Fermi energy EF and the vacuum level Evac is the work function Φ. In
equilibrium, Figure 2.2 (a), the net tunneling current is zero. Applying a bias voltage
V leads to a shift of the Fermi levels by eV . At negative bias voltage V , electrons
from the sample in the energy interval EF − eV to EF can tunnel into unoccupied
states of the tip, Figure 2.2 (b). For positive bias voltage V the situation is reversed,
and electrons tunnel from occupied states of the tip into unoccupied states of the
sample, Figure 2.2 (c).
In STS, the first derivative of the tunneling current is usually analyzed. By
differentiating Equation 2.4 a relation between the differential tunnel conductance,
dI/dV , and the LDOS of the sample, ρs(ε), is given by [41]:
dI(z, V )
dV
∝ T (z, V, eV )ρs(EF + eV )ρt(EF )
+
∫ eV
0
ρs(EF + ε)ρt(EF + ε− eV ) d
dV
T (z, V, ε)dε (2.5)
+
∫ eV
0
ρs(EF + ε)T (z, V, ε)
d
dV
ρt(EF + ε− eV )dε
The first term contains the LDOS ρs(EF ) of the sample. The second term mainly
contributes at high bias voltage due to increase of the transmission coefficient T in
that case. Assuming a constant or weakly varying LDOS ρt of the tip, the third
term can be neglected. With this approximations, dI/dV is proportional to the
sample LDOS ρs. This proportionality forms the basis of STS and mostly, the
dI/dV measurements are directly compared to the calculated densities of states.
Great care has to be taken when analyzing the data obtained in dI/dV mea-
surements. The intrinsic value of ρs(EF ) cannot be measured directly even for a
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Figure 2.3: Transfer of electrons between two electrodes through a nano-crystal char-
acterized by a single level ε0.
structureless LDOS of the tip due to voltage-dependence rise of the transmission
coefficient T . In literature, several methods of normalization of the tunneling con-
ductance dI/dV , are discussed. Fenstra et al [42] used the normalization of the
differential conductance by the total conductance: dIdV /
I(V )
V . In this the dependence
of the transmission coefficient T on the tip-substrate distance z and on the applied
voltage V is eliminated. A disadvantage of this procedure is that the position of the
maxima in dI/dV curves is not well reproduced in certain cases [43]. Moreover, close
to the Fermi level (V ≈ 0 V) one looses spectroscopic information as dI/dV ≈ I/V
(ohmic behavior), and normalized spectra always have value 1. A second method
was proposed by Ukraintsev [41]. In his approach a function F (V, αi) with free pa-
rameters αi is used to model the transmission coefficient T . The function F (V, αi)
is fitted to the experimental dI/dV curves and after that, the dI/dV curves are
normalized by dIdV /F (V ). This method requires the knowledge of the function F (V )
which in most of the cases is not given. In summary, the quantitative analysis of
dI/dV data can be quite complex and various influences on spectroscopy curves has
to be taken into account.
Tunneling current: the case of a nanocrystal located between the tip and
the surface
When a nanocrystal (quantum dot) is placed between two electrodes (tip and sub-
strate), it can not be reduced to an insulating barrier. There are many situations
where the electronic levels of the nano-system lie between the Fermi levels of the
electrodes.
The orthodox theory describes the tunneling through a nano-system coupled to
electrodes by tunnel junctions [40]. The theory assumes that the coupling is so weak
that the spectral density of nano-system is not influenced and the current can be
calculated using a master equation approach.
2.4. Experimental details 25
In the case of a nanocrystal with a single level ε0 between the Fermi levels of the
electrodes (Figure 2.3), the transfer rates WL and WR through the left and right
junctions can be written as [40]:
WL =
2pi
h¯
(
h¯2
2m
)2∑
i∈L
T (z, V, εi)ρt(εi)ρdot(ε0) =
ΓL(ε0)
h¯
(2.6)
WR =
2pi
h¯
(
h¯2
2m
)2∑
j∈R
T (z, V, εj)ρdot(ε0)ρs(εj) =
ΓR(ε0)
h¯
(2.7)
where ΓL(ε0) and ΓR(ε0) have the dimension of an energy and describe the coupling
of the level ε0 with the electrodes.
The current through the nanocrystal can be estimated as [40]:
I =
e
h¯
[f(ε0 + EF )− f(ε0 + EF − eV )] Γ
L(ε0)ΓR(ε0)
ΓL(ε0) + ΓR(ε0)
(2.8)
This simple expression shows that the difference between the Fermi energies of the
two electrodes determines a flow of electrons through the nanocrystal level and the
intensity of the current is determined by the coupling of the level with the electrodes.
We distinguish two limiting scenarios:
¦ ΓL(ε0)¿ ΓR(ε0)−the electrons tunnel one at a time through the nanocrystal:
shell-tunneling regime. The current is determined by ΓL(ε0):
I =
e
h¯
[f(ε0 + EF )− f(ε0 + EF − eV )]ΓL(ε0) (2.9)
¦ ΓL(ε0) À ΓR(ε0)−the electrons are accumulated in the nanocrystal: shell-
filling regime. The current is determined by ΓR(ε0):
I =
e
h¯
[f(ε0 + EF )− f(ε0 + EF − eV )]ΓR(ε0) (2.10)
However, the tunneling current through a nano-system can be more complicated.
The current can be influenced by the coupling with phonons [17], displacements and
oscillations of the nano-object in the junction [44,45], polarization of the environment
[46], fluctuations of charges [47, 48], temperature [49] and the quantum mechanical
coupling of the nano-object with its neighbors [50]. These effects are discussed in
this thesis for the case of CdSe quantum dots.
2.4 Experimental details
In this section, the STM systems used for the studies presented in the thesis will
be described. The experiments presented in Chapter 3 were performed with a home-
build low-temperature STM. In Chapter 4 and 5 the experiments were performed
with a low-temperature Omicron STM.
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Low-temperature home-built STM
The apparatus was designed and built in our department. It is described in other
PhD theses [51, 52], therefore, in this section we will only briefly describe the most
important aspects of the design.
The STM is situated in a vacuum chamber (a stainless steel tube) and is attached
to an insert to enable the STM to be introduced into a standard helium bath cryostat.
The scanner consists of a four-section piezo tube with a sensitivity at 4.5 K of about
3 nm/V in lateral direction (x,y) and 1 nm/V in the vertical direction (z). The
maximum scan range at 4.5 K is about 1 µm×1 µm. The scanner can be controlled
by a commercial Scala Omicron STM control unit.
We performed the experiments with two kind of tips: cut PtIr (10 % Ir) tips
and etched Au tips. A PtIr tip is formed by both mechanically cutting and pulling
the wire (0.3 nm diameter) at the same time. The Au tips were prepared by direct
current electrochemical etching of Au wire (0.25 nm diameter) in concentrated HCl
and ethanol solution [53].
The STM is inserted in the stainless steel tube, which is pumped down before
introducing helium gas and inserting it in the liquid helium bath. The helium gas
provides the thermal contact with the cryogenic liquids in the cryostat. The working
temperature is 4.5 K. To isolate the STM from building vibrations, the whole cryostat
is mounted on four pneumatic damping legs. The insert is connected to the vacuum
tube via viton O-rings, which are also used to mechanically decouple the STM from
the cryostat. The sample is electrically isolated from the rest of the STM. The bias
voltage can thus be applied to the sample, while the rest of the STM is electrically
grounded. The tunneling current is measured on the tip, using a home-made IV-
convertor. The IV-convertor is a strong point of this apparatus. It is a critical
component for spectroscopic measurements and converts the tunnel current through
the vacuum barrier in an output voltage. The IV-convertor was designed to reduce
the voltage noise Vnoise to 0.35 mV [51]. This gives the opportunity to perform
STS experiments with a low set-point current (see Chapter 3). The limitations are
given by the fact that the apparatus is not an UHV system. During cooling, residual
gasses may condense on the STM, tip and sample, and can yield impurities, oxides
and ice formation on the surface. Tunneling spectroscopy on such uncontrolled
surfaces is not reproducible, or gives information about the trapped states instead
of the material under study. Great care was taken while cooling down the system. A
special heater was built in the sample stage. During cooling the temperature of the
sample was kept a few degrees higher than the surroundings. In this way, impurities
do not adsorb on the sample but are directed towards sites with low temperature,
i.e. the walls of the cryostat. The STM tip was cleaned by applying a voltage pulse.
In terms of performances, the Au tips proved to provide better quality results due
to more efficient cleaning procedure by applying a voltage pulse.
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Figure 2.4: Picture of low-temperature Omicron STM: (1) preparation chamber, (2)
LT chamber, (3) manipulator, (4) IV convertor, (5) liquid nitrogen cryo-
stat, (6) liquid helium cryostat, (7) tip preparation tool, (8) evaporator,
(9) sputtering gun, (10) CCD camera, (11) wobble stick, (12) damping
leg. Insert: (1) tip, (2) sample stage, (3) Cu-plate, (4) liquid helium
cryostat.
Low-temperature Omicron STM
The apparatus is a low temperature STM from Omicron NanoTechnology (Omicron
LT STM) [55]. We will describe briefly its main advantages and limitations.
The STM is situated in a ultra-high vacuum chamber with the base pressure of
10−11 mbar. The chamber is equipped with a cryostat for low temperature experi-
ments. The Omicron LT STM uses a 3/4” single tube scanner with a sensitivity at 5
K of about 3.6 nm/V in lateral direction (x,y) and 1.2 nm/V in vertical direction (z).
At higher temperature the sensitivity is increased due to temperature-dependence
of the piezo-expansion coefficient: at 300 K, 20 nm/V for (x,y) and 6.7 nm/V for
(z). The maximum scan range at 5 K is about 1.8 µm×1.8 µm. A z-resolution of
better than 0.01 nm can be achieved. The scanner can be controlled by commercial
Scala and Matrix STM control units from Omicron. The apparatus consists of other
two chambers: a preparation chamber with the base pressure of 10−10 mbar and
equipped with evaporators, tip-preparation stage, ion-beam sputtering gun, manip-
ulator with heating and cooling facilities; a load-lock chamber which enables a fast
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entry of samples and tips without breaking UHV. Figure 2.4 shows the Omicron LT
STM with its main components.
The STM tips used for experiments were: cut PtIr (10 % Ir) tips and etched W
tips. W tips were made from polycrystalline W wire (diameter 0.3 mm) by direct
current electrochemical etching in 5M solution of NaOH pellets solved in de-ionized
water [54].
The tip holder is magnetically clamped in the scanner tube. The sample is loaded
into the sample reception, which is mounted on the same stage as the scanner tube.
This construction allows the tip and sample to be held at the same temperature.
In cooling down position, the stage is in direct contact with the cryostat. If the
STM stage is unlocked, it hangs freely on suspension springs. These springs act as
a low pass filter with resonance frequencies lower than 2 Hz. Additional damping
is provided by eddy current damping, i.e. copper plates moving through permanent
CoSm magnets. This damping is needed to reduce the response at the resonance
of the spring system in vacuum. The heat transfer from the cooled cryostat to
the sample and tip stage is realized through thin Cu wires. Stable conditions are
achieved at 4.8 K, 78 K and room temperature. The most important feature of
the system is the possibility of performing experiments at low temperature, under
UHV conditions, with the tip and sample at the same temperature. The thermal
broadening and the drift between the tip and sample are minimized. The sample
surface and tip stay clean for a long time. These are very important requirements in
STS experiments. Moreover, UHV preparation of the tip and surface substrate are
possible in the preparation chamber. There are experimental limitations due to IV-
convertor which is situated outside of the vacuum chamber at a relatively distance
from the STM tip. STS measurements can not be performed at a lower than 50
pA set-point current, due to electronic noise. To minimize the electronic noise, a
solution would be to place in situ the IV-convertor, the current amplifier should be
integrated in the STM close to the tip.
The LT Omicron STM can be adapted for further experimental capabilities: the
system has been supplied with a capillary for guiding optical fibres, the STM head
provides two optical access points which allow fitting a lens holder or a fiber guide.
The sample reception has a cavity for fitting a (superconducting) magnetic coil.
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3
Tunneling spectroscopy of the energy levels
of CdSe semiconductor quantum dots 1
Abstract
The electronic structure of CdSe quantum dots is studied by scanning tunneling
spectroscopy. The number of additional electrons (holes) determines the tunneling
regimes: shell-tunneling and shell-filling spectroscopy. In the shell-tunneling regime,
the single-particle energy levels are determined and compared with tight-binding cal-
culations. Combining the results from scanning tunneling spectroscopy and optical
spectroscopy we obtain the electron-hole Coulomb energy as a function of quantum
dot diameter. In the shell-filling regime more complex spectra are acquired. They
are analyzed by solving the master equation for electron and hole occupancy of the
quantum dot. In addition, a detailed understanding of the tunneling spectra re-
quires taking into account simultaneous tunneling of both electrons and holes. From
the energy difference between the peaks we obtained quantitative estimates of the
Coulomb energy between two additional electrons in nanocrystal.
1Adapted from: L. Jdira, P. Liljeroth, E. Stoffels, D. Vanmaekelbergh, S. Speller, Phys. Rev.
B 73, 115305 (2006).
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3.1 Introduction
The understanding of confined charge carriers is becoming increasingly vital as tran-
sistors shrink to a length scale below 100 nm. In the past decade, confinement effects
in semiconductor [1–4], metal [5,6], and superconducting [7] nanometer-scale mate-
rials have been studied in detail.
Colloidal semiconductor quantum dots are interesting for physicists as a model
system to study the physics of strongly confined charge carries. They provide the op-
portunity to study the electronic properties on a length scale intermediate between
the molecular and solid state regims [8]. Due to quantum confinement, the nanocrys-
tal quantum dots, sometimes called ”artificial atoms”, have discrete electronic levels
that shift to higher energy with decreasing size [9]. Optical absorbance, lumines-
cence, and excitation spectroscopies have been used to study in detail the dependence
of the optical transitions on the nanocrystal size, shape, and material [10–13]. It
is, however, difficult to separately investigate electron and hole energy levels by op-
tical spectroscopy as it inherently involves transitions between two levels, and not
individual states.
Resonant tunneling spectroscopy provides a way to overcome this limitation.
Tunneling spectroscopy is able to provide unique information on the electronic prop-
erties of the system at a relevant length scale (nanometer scale) as it can probe the
complete density of states in the absence of selection rules [14, 32]. Recently, scan-
ning tunneling spectroscopy (STS) has been used to probe the energy levels of single,
isolated semiconductor nanocrystals (InAs [14], CdSe [19] and PbSe [32]) and to mea-
sure the local density of states (LDOS) of two-dimensional arrays of semiconductor
quantum dots (PbSe [21] and InAs [20]).
We present here a detailed study of the electronic structure of colloidal CdSe
nanocrystals using STS. We have studied two kind of samples: single, isolated quan-
tum dots, and quantum dots assembled in two-dimensional arrays. As a function of
the additional electrons (holes) accumulated in the quantum dot, we can distinguish
two tunneling regimes: shell-tunneling spectroscopy when electrons (holes) tunnel
through the nanocrystal one-by-one and interparticle interactions do not occur [31];
shell-filling spectroscopy when electrons (holes) are accumulated in the nanocrystal
and interparticle Coulomb interactions are present [31]. The parameters that come
into play are varied in order to understand the important issues related with STS
on semiconductor nanocrystals: size, capping molecules, set-point current, linker
molecules, and the substrate. Comparing the spectra measured on isolated quan-
tum dots with the spectra measured on quantum dots in an array we show that,
for the case of CdSe quantum dots, the quantum mechanical interaction between
the orbitals of adjacent nanocrystals is weak. In the shell-tunneling regime the
single-particle energy levels are determined and compared with tight-binding cal-
culations. Combining the results from scanning tunneling spectroscopy and optical
spectroscopy yields the electron-hole Coulomb energy. In the shell-filling regime the
spectra are analyzed by solving the master equation for electron and hole occupancy
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of the quantum dot. In this case, detailed understanding of the tunneling spectra
requires taking into account simultaneous tunneling of both electrons and holes.
From the energy difference between the peaks we obtain a quantitative estimate of
the electron-electron Coulomb energy between additional electrons in nanocrystal.
3.2 Experimental information
Colloidal CdSe quantum dots were prepared according to the method described in
Chapter 1. Prior to their deposition onto a conductive substrate, the nanocrys-
tals were characterized by transmission electron microscopy (TEM) and otical spec-
troscopy to determine their shape, average size and size-dispersion. The nanocrystals
were found to be nearly spherical in shape and to have a size-distribution of 5−10%.
Their surface was passivated by organic ligands: for the 3.4 nm and 6.1 nm diame-
ter quantum dots with tetraoctylphosphine oxide (TOPO); for the 3 nm and 5 nm
diameter quantum dots the ligand shell of the as-synthesized nanocrystals (TOPO)
was exchanged to pyridine; for the 2.6 nm diameter quantum dots the ligand shell
(hexadecylamine) was exchanged to hexylamine.
For the experiments, two types of samples were investigated:
Type (I) samples: Single, isolated quantum dots
By immersing a flame-annealed Au(111) substrate in a dilute solution of hex-
anedithiol in ethanol, an organized monolayer is formed on its surface [16]. The
immersion time was 12 hours. Longer immersion times lead to stable and highly
ordered monolayers. The gold substrate with a self-assembled hexanedithiol mono-
layer was then immersed in a dispersion of colloidal CdSe quantum dots solution
for 1 minute. This leads to a stable attachment of isolated dots and formation of
small aggregates of a few dots. The density of the nanocrystals on the surface can
be controlled by their concentration in the solution and/or the immersion time.
Type (II) samples: Two-dimensional array of quantum dots
The hexagonal close-packed arrays were formed by allowing a drop consisting
of CdSe nanocrystals dissolved in CHCl3 solution to slowly dry on an atomically
flat HOPG substrate. Concentration of dots in solution determine the degree of
surface coverage. Moreover, from a highly concentrated solution, a three-dimensional
assembly can be formed (we discuss this in great detail in Chapter 5). The narrow
size distribution is critical for the formation of arrays exhibiting at least short-range
order. Prior to STM experiments the samples were annealed overnight up to 150 C0
in ultra high vacuum (UHV).
The scanning tunneling microscopy/spectroscopy (STM/STS) experiments on
single, isolated quantum dots were performed in a home-built cryogenic STM at 4.5
K. The STM/STS work on array nanocrystals was carried out at 4.8 K with a UHV
low temperature STM (LT STM Omicron Nanotechnology).
The STM images were taken in constant-current mode using PtIr, Au or W tips
with typical parameters, bias of 2-2.5 V and tunneling current of 5-20 pA.
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After STM imaging we can select any dot for tunneling spectroscopy. From each
sample, 10-20 individual nanocrystals were investigated by STS.
The tunneling spectra were acquired by placing the STM tip above the center of
a dot and disconnecting the feedback loop. The tunneling current I is measured as
a function of the tip-substrate potential difference V . The tip-quantum dot junc-
tion is controlled via STM feedback settings while the barrier between nanocrystal
and substrate is fixed and is due to organic layer. The tunneling spectra were ob-
tained by digitally filtering and differentiating the experimental I − V curves. The
dI/dV curves show a high signal-to-noise ratio, indicating the high quality of our
spectra. This allows us to measure directly in the integrated mode, without lock-in
amplification.
Since the current flow results from resonant tunneling via the quantum dot or-
bitals, a plot of the differential conductance dI/dV as a function of bias voltage V
(tunneling spectrum) shows a sequence of peaks, reflecting the electron and hole
energy levels in the nanocrystal. Electron-electron Coulomb interactions in the
nanocrystal may have a profound effect on tunneling spectra. Resonant tunnel-
ing spectra depend sensitively on whether a carrier tunnels through an ”empty” dot
(no electron-electron interactions), or whether carriers are accumulated inside the
dot and electron-electron interactions occur, resulting in additional peaks in tunnel-
ing spectrum. These limiting scenarios are decided by the dynamics of the electrons
tunneling into and out of the quantum dot.
As a function of carriers accumulated in the nanocrystal we distinguish two
tunneling regimes: shell-tunneling and shell-filling spectroscopy. We discuss the
STM topography and the tunneling spectroscopy results in the two regimes, in the
next sections.
3.3 Scanning tunneling microscopy
Figure 3.1 shows typical STM images of the two types of CdSe nanocrystal sam-
ples: single, isolated quantum dots (Fig. 3.1 (a)) and quantum dots in an array (Fig.
3.1 (b)). Stable, isolated nanocrystals can be found on the sample surface where
the dots are attached to the substrate via a molecular layer. The STM image of a
single dot is shown in Figure 3.1 (a), lower part. We can recognize the hexagonal
shape predicted by the transmission electron microscopy (TEM) investigations. The
mean value of the apparent height and the full width at half maximum were found
to be 3 nm and 10 nm respectively, nominal dimensions of 3.4 nm being expected
from TEM measurements. The STM topography is a convolution of the tip and
sample interaction and deviations from the real size are expected: a smaller than
the expected height can be due to capping molecules that terminate the quantum
dot surface, which may lead to additional effect in tunneling current, i.e. increase
the tunneling barrier an consequently reducing the tip-dot separation in order to
reach the set-point current, resulting in a smaller apparent height; the larger than
expected lateral size is due to the finite sharpness of the STM tip. The array sample
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Figure 3.1: Typical STM topography of CdSe QDs: (a) single, isolated nanocrys-
tals 3.4 nm diameter linked to a gold substrate via hexanedithiol
molecules; (b) close-packed array of nanocrystals, 6.1 nm in diameter,
self-assembled on a HOPG substrate. Lower part: line profile of a single,
isolated nanocrystal and of the array quantum dots. Typical parameters
for imaging were: bias of 2-2.5 V and tunneling current of 5-20 pA.
shows islands of local hexagonal packing nanocrystals. The line profile shown in
Figure 3.1 (b), lower part, gives the center-to-center spacing of ∼ 7 nm, and ∼ 1
nm the spacing between the quantum dots with TEM size of 6.1 nm diameter. We
conclude that the STM height may provide a good estimate of the quantum dot
size. However, we will refer for nanocrystal dimensions to the size determined from
TEM investigations. We also note here that quantum dots in arrays show better
stability under STM imaging than single, isolated nanocrystals. This can be due
to the vacuum annealing treatment which leads to interdigitation of the capping
molecules and increases the stability of the quantum dots in array [18].
3.4 Shell-tunneling spectroscopy
Figure 3.2 shows typical tunneling spectra measured on CdSe quantum dots: (a)
isolated dots and (b) dots in array. In the insert is shown the STM topography of
the measured nanocrystal. Typically, a large number (50 for each set-point current)
of curves were acquired for each dot and checked for their reproducibility. We found
that the I − V curves were reproducible but sometimes discrete shifts of the curves
38 Chapter 3. Tunneling spectroscopy of the energy levels of CdSe QDs
3 nm
5 nm
HOMO
LUMO(S)
P
D
F
HOMO LUMO(S)
P
D
F
d
I/
d
V
 (
n
A
/V
)
d
I/
d
V
 (
n
A
/V
)
bias (V)
bias (V)
-3 -2 -1 0 1 2 3
0
1
2
3
4
5
-3 -2 -1 0 1 2 3
0.00
0.02
0.04
0.06
0.08
0.10
0.12
(a)
(b)
Figure 3.2: Typical shell-tunneling spectra measured on CdSe quantum dots: (a)
3 nm diameter isolated dot, Iset−point=20 pA, V=2.5 V; (b) 6.1 nm
diameter dot in array, Iset−point=2000 pA, V=2.5 V. The inserts show
topographies of the measured nanocrystals.
along the voltage axis can occur within a set of spectra acquired with the same
feedback conditions. The reason for this could be the trapping of a charge in the
surroundings of the nanocrystal that acts as a ”local gate” and leads to an energetic
shift of the measured spectrum [22, 23]. As a result, only those curves which are
shifted by less than +/− 4 mV were averaged together for a given dot. In most
cases, the spectrum corresponds to the average of a few tenths of curves allowing
for a good signal to noise ratio. Figure 3.2 (a) shows a typical tunneling spectrum
obtained on an isolated 3 nm diameter quantum dot. The spectrum exhibits a
zero-conductivity gap [the difference between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)]. Several peaks are
measured at negative bias, corresponding to the first valence orbitals (hole levels) of
the quantum dot. In the positive bias range, the peaks correspond to the conduction
orbitals (electron levels), and they increase in intensity with increasing energy. In
Figure 3.2 (b) a typical spectrum measured on a bigger quantum dot, diameter
of 6.1 nm, is presented. Although the measurement was performed on a quantum
dot positioned in the middle of an array, the spectrum exhibits a zero-conductivity
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Figure 3.3: Shell-tunneling spectra measured above a CdSe quantum dot in array
in different locations: (a) topography of investigated dot, (b) tunneling
spectra measured above the center of the dot and 1 nm, 2 nm and 3 nm
away from the center. The spectra were acquired at Iset−point=400 pA
and V=2.5 V.
gap and series of peaks in conduction and valence band similar to the spectrum
measured on isolated quantum dots from Figure 3.2 (a). The apparent STS gap and
the well separated peaks increasing in intensity with increasing energy indicates that
the electron (hole) delocalization for CdSe quantum dots in array is very small. In
contrast to the array studied here, a considerable quantum mechanical coupling has
been reported for PbSe and InAs quantum dots in two-dimensional arrays [20,21].
For quantum dots in the array, we performed spectroscopy experiments in dif-
ferent locations above the dot. This is shown in Figure 3.3 for a 6.1 nm diameter
quantum dot. Above the center of the dot, the tunneling current is dominated by
the electrons tunneling from the tip into the nanocrystal under study. When the
tip is displaced away from the quantum dot center, the spectra remain the same at
positive bias and the broadening of the resonances does not change significantly. It
is only when the tip reaches the area corresponding to the interdigitated molecules
that some gradual change in the spectrum is observed.
In Figure 3.4 the set-point dependence of tunneling spectra is shown. We varied
the tunneling resistance between the tip and quantum dot by gradually increasing
the set-point current. Figure 3.4 (a) shows the tunneling spectra measured on single,
isolated nanocrystals with two different nominal diameters: 5 nm (left) and 3 nm
(right). The change of set-point current did not affect the position of the peaks in
the measured spectra and new resonances have not been observed; only the intensity
40 Chapter 3. Tunneling spectroscopy of the energy levels of CdSe QDs
of the peaks is increased by decreasing tip-quantum dot separation (increasing set-
point current). Figure 3.4 (b) shows the tunneling spectra measured on nanocrystals
in array, with two different nominal diameters: 6.1 nm (left) and 3.4 nm (right). As
for tunneling spectra measured on single, isolated dots the spectral features were
independent of set-point current.
Although it was found that such behavior of tunneling spectra generally occurs
at set-point currents lower than 100 pA in the case of isolated CdSe quantum dots,
we observed the same series of peaks at a wider range of the set-point currents
for quantum dots in an array. In contrast to the isolated nanocrystals, where the
electrons can only escape from the dot by tunneling to an electronic state of the
substrate, the transfer rate for an electron escaping out of a dot belonging to an
array is expected to be higher (due to possibility of tunneling into neighboring
nanocrystals). As a result, filling the S orbital with the second electron, what
would cause the occurrence of an additional charging peak between the S and P ,
is rarely seen for set-point currents below of a few nA. Additionally, we note here
the increased stability of the quantum dots in array. While STS measurements on
an array of quantum dots is possible at set-point currents of a few nA, for isolated
quantum dots increasing the set-point current beyond 0.5 nA the measurements
conditions became unstable.
The comparison between the tunneling spectra obtained for different dot diam-
eters reveals that the zero-conductivity gap as well as the separation between the
peaks increase while the nanocrystal size decreases, in agreement with stronger con-
finement in smaller quantum dots.
We infer that the tunneling spectra shown are acquired in shell-tunneling regime.
This conclusion will be justified in the next sections.
3.4.1 State transitions in shell-tunneling spectroscopy
At resonance, the probability to find an electron on a certain orbital of the
quantum dot is [19]:
P (l) =
2Γinl
(2Γinl + Γ
out
l )
(3.1)
where Γinl is the rate at which an electron tunnels from the tip into the empty l
orbital, and Γoutl is the tunneling rate from the occupied l orbital into the substrate.
In the shell-tunneling case Γinl ¿ Γoutl ; therefore, P (l) ∼= 0, and one electron tun-
nels through the nanocrystal at a time. The tunneling current which is determined
by tip-quantum dot junction is then [27]:
I = neΓinl (3.2)
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Figure 3.4: Set-point dependence of the tunneling spectra dI/dV vs. bias in shell-
tunneling regime measured on CdSe nanocrystals: (a) single dot, 5 nm
(left) and 3 nm (right) diameter, set-point 10, 20, 30 and 70 pA at 2.5
V; (b) dot in array, 6.1 nm (left) and 3.4 nm (right) diameter, set-point
400, 800, 1200, 1600 and 2000 pA at 2.5 V. The peaks in the positive
bias range correspond to tunneling though LUMO(S), P , D, F electron
orbitals. The peaks in the negative bias range correspond to tunneling
through the HOMO and other hole states.
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Figure 3.5: Schemes representing the principle of tunneling of electrons through con-
duction levels at positive bias (left), and tunneling of holes through the
valence levels at negative bias (right), in shell-tunneling regime.
where n is the number of available electron channels. More detailed considerations
show that the symmetry of the orbitals has to be taken into account, in analogy
with chemical bonds, in order to explain the intensity of the tunneling current.
Within the triply degenerated P level, only the Pz orbital has significant overlap with
the tip and thus gives rise to resonant transmission. The transmission coefficient
of electron tunneling from the tip to the Px and Py orbitals is likely to be very
small. In addition, the overlap integral of Px and Py orbitals with the substrate
(neglecting atomistic details) is zero. In conclusion, the P resonance in the measured
spectrum corresponds to only tunneling through the Pz state. We will investigate
this phenomenon in detail in Chapter 5.
Tunneling leads to a polarization of the nanocrystal by a single electron (polariza-
tion energy), but Coulomb interactions between two (or more) additional electrons
Table 3.1: State transitions in CdSe quantum dots corresponding to the peaks in
shell-tunneling spectra (Figure 3.4). The state transitions involve Sh
(HOMO), S (LUMO), P , D, and F orbitals. The third column gives the
chemical potential of the transition: Ei and Σi stand for the energy and
the polarization energy of an electron in orbital i.
peak symbol transition type chemical potential
HOMO (Sh) S0h → S1h ESh − ΣSh
LUMO (S) S0 → S1 ES +ΣS
P S0P 0 → S0P 1 EP +ΣP
D S0D0 → S0D1 ED +ΣD
F S0F 0 → S0F 1 Ef +ΣF
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do not occur. This still holds when the electrochemical potential of the tip electrode
is increased further, such that tunneling from the tip to higher energy levels (i.e. P ,
D, F etc. - type orbitals) occurs. This is schematically illustrated in Figure 3.5 for
positive and negative sample bias. The ”conduction band” states appear at positive
bias and the ”valence band” states are measured at negative bias, respectively. The
peaks in tunneling spectrum directly reflect the energy level positions. Moreover,
the change of the set-point current should vary all the peaks amplitude by the same
factor, the peak positions remain unchanged, and new peaks should not appear in
the spectra. Another element in identifying the tunneling regimes is the peak am-
plitude. Based on simple picture of spectroscopy in shell-tunneling regime (Figure
3.5), the height of the peaks should increase with increasing energy, due to tunneling
through orbitals with higher spatial extension and degeneracy.
Summarizing the elements characterizing shell-tunneling spectroscopy, we find all
of them in the spectra measured on isolated quantum dots, and as well on quantum
dots in array (Figure 3.4). Hence, these are shell-tunneling spectra and the peaks
at positive bias correspond to tunneling through electron orbitals of CdSe quantum
dots with S, P,D and F symmetry in order of increasing energy. The small peak
observed in some spectra between D and F peaks should correspond to the second
S level. The peaks at negative bias correspond to hole states. Table 3.1 summarizes
the transitions between the ground state and the different one-electron excited states
that correspond to the peaks in shell-tunneling spectra.
3.4.2 The distribution of the bias voltage in STS experiments
In tunneling experiments the bias applied between STM tip and substrate does not
drop completely across tip-quantum dot junction.
To obtain quantitative information from tunneling spectra, the distribution of the
bias voltage in the double-barrier tunneling junction has to be taken into account.
We calculated η = (Vdot − Vtip)/Vbias, the so-called level arm, which corresponds to
the ratio between the potential drop in the tip-quantum dot tunneling junction and
the applied bias, by solving the Laplace equation for a realistic tip-dot-substrate
geometry. The results are shown in Figure 3.6. In general η has a different value for
each level. However, in the case of semiconductor nanocrystals it was found that the
dispersion of the η values is in general small (smaller than 0.5 %) and a constant value
for the transition levels is a good aproximation [24]. The low dispersion is mainly due
to the higher dielectric constant of the CdSe nanocrystals than of the surrounding
medium (molecular layer, vacuum). The electric field is strongly screened in the
nanocrystal and the bias drop between STM tip and substrate takes place mostly
in the region with low dielectric constant. Therefore, considering that the potential
does not vary much in the nanocrystal, η does not depend to much on the electronic
configuration.
Typically, it was found that for single, isolated CdSe nanocrystals linked with
organic molecules to the gold substrate, η is close to 0.7 for dot sizes between 3 and 7
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Figure 3.6: Calculated potential distribution in the STM tip/QD/substrate tunnel
junction based on solution of Laplace equation. The dielectric constants
used in calculations are 8 for CdSe and 2 for organics, and the tip radius
is 10 nm.
nm. This value was obtained for a realistic tip-to-dot and dot-to-substrate distances
(tip-dot=5-15 A˚, dot-substrate=5 A˚), with the dielectric constant 8 for CdSe and
2.1 for organic molecules. There is also a weak dependence of η on the tip radius
curvature. For example, for a 3 nm dot diameter with 1 nm tip-to-dot and 0.5 nm
dot-to-substrate distances, we obtain η = 0.70, 0.67, and 0.64 for rtip= 5 nm, 10 nm,
and 15 nm respectively. Experimentally, rtip can be estimated from the apparent
lateral size of the nanocrystal due to tip convolution, and it is usually ∼10 nm.
In a similar manner we calculated η for CdSe nanocrystals assembled in array
on HOPG substrate. We found an average value of 0.8.
The potential distribution in the tunneling junction induces a linear shift of
the tunneling resonances to higher absolute biases. Once the potential distribution
has been accounted for, tunneling spectroscopy in shell-tunneling regime can yield
quantitative information of the energy level structure of nanocrystals [19,24–26].
3.4.3 Single energy levels from shell-tunneling spectra
The bias voltage at resonance in tunneling spectrum is related to the energy
levels, Ei, through [24]:
ηVbias = Ei +Σi (3.3)
where Σi is the polarization energy of an electron on level i. Thus, the transition level
for the injection of an electron in the quantum dot is shifted to higher energy by a
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Figure 3.7: Energy levels separation as a function of HOMO-LUMO gap (deter-
mined from STS) for isolated (filled symbols) and array (open symbols)
nanocrystals: EP −ES (circles), ED−ES (triangles). The solid lines are
the theoretical values for P −S and D−S separation energies by tight-
binding calculations (Reference [27]). The stars are literature values for
P − S level separation based on intraband adsorption measurements in
charged quantum dot solids (References [28–30]).
quantity Σ(R), which depends by the radius of the nanocrystal and by the dielectric
mismatch between the nanocrystal core and its surroundings. A good approximation
is given by the electrostatic self-energy of an electron in a dielectric sphere of radius
R, and can be estimated given the dielectric constant of the nanocrystal, ²in, and
the effective value for the environment, ²out, as [24]:
Σ(R) =
²in − ²out
²in(²in + ²out)
(1/α− 0.376α+ 0.933) e
2
8pi²0R
(3.4)
where α = ²out/(²in + ²out). This expression represents the interaction energy of
the electron with its own polarization charge at the surface of the dielectric sphere.
For nanocrystals used in this study, the polarization energy varies between 229 meV
(diameter 2.6 nm) and 119 meV (diameter 6 nm) for ²in = 8 and ²out = 2.1.
In Figure 3.7 the energy level separations derived from the resonant tunneling
spectra measurements are shown: the P − S and D− S levels separation have been
plotted as a function of the HOMO-LUMO single particle gap (filled symbols isolated
nanocrystals; open symbols quantum dots in array). The HOMO-LUMO single
particle gap was chosen as x axis because the energy is more easily and precisely
measured than the dot size. The bias voltage has been converted to the energy scale
using η = 0.74 for isolated dots and η = 0.8 for dots in arrays, and polarization
energies were calculated using ²out = 2.1, see above. The experimental data are
compared with the energy levels separation calculated by tight-binding theory (solid
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line) [27], and literature values for P−S level separation in CdSe quantum dots based
on intraband adsorption measurements in charged quantum dot solids (stars) [28–30].
There is fair agreement between theory and experiment. Possible reasons for the
scattering in the measured values find their origin in a number of experimental
uncertainties. The first is related to the size distribution of the nanocrystals ±5%,
leading to ±10% uncertainties in the energy-difference between energy levels. The
second uncertainty is related to the shape: it is not possible to detect small deviations
from a spherical shape with STM. We also remark that the electronic structure for
isolated nanocrystals and for nanocrystals in array is similar. We conclude that
tunneling spectroscopy performed on quantum dots in arrays measures the single
particle density of states.
3.4.4 Electron-hole Coulomb energy from shell-tunneling spec-
tra
The zero-conductance gap in the tunnelling spectrum, ∆V STSZC (also called the
quasi-particle gap) and the optical gap, Eoptgap, are related to the HOMO-LUMO
single particle gap, ∆ES−Sh , as follows [24,31]:
η∆V STSZC = ∆ES−Sh +ΣS +ΣSh = E
opt
gap + Je−h (3.5)
where Je−h is electron-hole Coulomb attraction energy, ΣS and ΣSh are the polar-
ization energies for electrons and holes respectively. The optical gap can be deter-
mined from the first peak in the absorption spectrum. We combined the STS and
optical measurements and using the calculated values for polarization energy, the
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electron-hole Coulomb energy can be extracted. This varies from 0.20 eV (6.1 nm
diameter quantum dot) to 0.73 eV (2.6 nm quantum dot) for the measured dots.
The electron-hole Coulomb attraction energy can be estimated in a similar manner
to the polarization energy [24,31]:
Je−h(R) =
(
1
²out
+
0.79
²in
)
e2
4pi²0R
(3.6)
where R is the quantum dot radius.
Figure 3.8 shows a good agreement between the measured values (points) and
the electrostatic calculations (line). This indicates that the calculated potential
distribution across the tip/dot/substrate double barrier tunnel junction is realistic.
The ²out that we assume is in good agreement with the value which we found for
PbSe dots attached by the same organic linker to gold substrates [32].
3.5 Shell-filling spectroscopy
In the shell-filling case, Γinl À Γoutl , the probability to find an electron on a
certain orbital is P (l) ∼= 1, i.e. electrons accumulation in the quantum dot. The
tunneling current is [19]:
I = neΓoutl (3.7)
where n is the number of available electron channels and Γoutl is the tunneling rate
from the occupied orbital l, into the substrate. In tunneling experiments the quan-
tum dot-substrate tunneling resistance is constant and it is due to the organic
molecules. Consequently, in shell-filling spectroscopy the tunneling current is in-
dependent by set-point current (tip-dot distance).
Figure 3.9 shows typical tunneling spectra measured on CdSe quantum dots:
(a) isolated dots and (b) dots in array (new sample). We note here that all the
spectra measured on CdSe quantum dots assembled in an array directly on a HOPG
substrate showed shell-tunneling characteristics. In order to achieve shell-filling
conditions a new type of sample has been made. Molecular layers of stearic acid
were formed on a HOPG substrate by evaporating the molecules. We observed large
and stable domains of molecular layers under STM scanning. On such surface, a
monolayer of quantum dots is formed by drop-casting of dots solution. On this kind
of sample a small number of spectra have shown shell-filling behavior (only in 5%
of the spectra; measurements performed on quantum dots at the periphery of the
monolayer). We also note here that in the case of isolated dots, only in 10% of the
spectra shell-filling conditions have been achieved. The reason for this can be that
nanocrystals on the surface can have different binding geometries that may alter
the tunneling resistance between dot an substrate, a high tunneling resistance being
required in order to achieve shell-filing conditions.
In the positive bias range, we first find three closely spaced peaks, decreasing
in intensity, followed by a group of peaks with higher intensity. The fact that we
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Figure 3.9: Typical (partial) shell-filling spectra measured on CdSe nanocrystals:
(a) 3 nm diameter isolated nanocrystals; Iset−point=240 pA, V=2.5 V.
(b) 6.1 nm diameter nanocrystals in array (new sample); Iset−point=400
pA, V=2.5 V.
observe more resonances than in shell-tunneling spectra is caused by the breaking
of the spin and orbital degeneracy due to electron added in the nanocrystal. In
other words, more than one electron is present in the dot at a given time. Figure
3.10 shows schemes representing the principle of tunneling of electrons in shell-filling
regime. At positive bias (Figure 3.10 (a)) the S orbital will be occupied by a single
electron at the first resonance. When the voltage is further increased, a second
resonance will occur, corresponding to the filling of the S orbital with the second
electron. The energy difference between the first and second resonance corresponds
to the electro-electron Coulomb energy in the S orbital. The third resonance is
through the P orbital while the S orbital is doubly occupied.
At negative biases, we first find a small peak (-1), followed by a group of peaks
with higher intensity. In general, the resonances at negative bias reflect tunneling
3.5. Shell-filling spectroscopy 49
HOMO
LUMO
 
in
 
outΓ Γ
HOMO
LUMO
 
in
 
outΓ Γ
Coordinate
E
n
er
g
y
sample bias > 0 sample bias < 0
(a) (b)
Figure 3.10: Schemes representing the principle of tunneling of electrons at positive
bias (a) and negative bias (b) through conduction levels of the quantum
dot in the shell-filling regime.
of the holes through valence levels. However, some peaks at negative bias may arise
from tunneling of electrons via the conduction levels [24]. For example, at negative
bias, it is possible that before the tip Fermi level reaches resonances with the first
valence level of the quantum dot, the substrate Fermi level becomes resonant with a
conduction band level resulting in tunneling through this level (see Figure 3.10 (b)).
Then the first tunneling resonance at both negative and positive bias, corresponds to
electron tunneling through the same orbital of the quantum dot. If electrons tunnel
on both sides of the zero-conductivity gap, the following relation holds [24]:
e∆V =
1
η(1− η) (ES +ΣS − EF ) (3.8)
where ∆V is the difference between the values of the voltage at the first tunneling
resonance at positive (Vpos) and negative bias (Vneg), ΣS is the electron polarization
energy, and ES−EF the difference between the first conduction level and the Fermi
level of the tip. Analogously, if holes tunnel on the both sides of the zero-conductivity
gap the following relation is valid [24]:
e∆V = − 1
η(1− η) (ESh − ΣSh − EF ) (3.9)
where ΣSh the hole polarization energy. It can be seen from Equations 3.8 and
3.9 that electrons (holes) tunnel on both sides of the zero-conductivity gap if the
junction is symmetric and/or the first conduction (valence) level lies close to the
Fermi level of the electrodes. The voltage distribution factor can be estimated from
the position of the first peak on the negative and the positive bias and gives η = 0.61
for the spectra shown in Figure 3.9 (a). In addition to experiments with colloidal
nanocrystals, this type of bipolar transport has been recently observed with STM
in a molecular system of copper phthalocyanine absorbed on ultra-thin oxide layer
on NiAl(110) surface [24,33].
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Figure 3.11: Shell-filling spectroscopy: two examples of shell-filling spectra of 3 nm
diameter quantum dot (black lines). Stabilization voltage 2.5 V and set-
point current of 240 pA (lower spectrum) and 380 pA (upper spectrum).
The origin of the tunneling spectrum at positive bias is explained in the
text. The two measured spectra exhibit a discrete shift of all energy
levels. The simulated spectra based on the master equation approach
with the parameters given in the text are shown in grey line.
We infer that the spectra shown in this section are (partial) shell-filling spec-
tra. This conclusion will be further justified in the following section.
3.5.1 Identification of the peaks is shell-filling spectra
In order to unravel the complex response in the shell-filling regime, we have simulated
the spectra taking into account simultaneous tunneling of holes and electrons using
master equation approach [31].
The master equation gives the probability of having n electrons and p holes in
the nanocrystal. The input parameters for the simulation are the energetic level
positions, η (taken to be 0.61 in shell-filling regime), polarization and charging ener-
gies, and the tunneling rates in and out of the nanocrystal. The simulated response
is shown and compared with measured spectra in Figure 3.11. The spectrum was
calculated using T = 0 K and convoluted by a 25 meV Gaussian. The tunneling
rates used were Γin = 2 × 108 1/s and Γout = 1 × 108 1/s for the electrons and
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Γin = 0.5× 1081/s and Γout = 0.25× 1081/s for the holes. These rates correspond
to a very weak coupling between the dot and the substrate or the tip. The ratio of the
tunneling rates in and out of the nanocrystal determines the degree of shell-filling,
i.e. electron accumulation. The first two peaks on the positive bias are easily inter-
preted as tunneling through the S level, which is split by electron-electron Coulomb
interaction. The third peak corresponds to an excited state: tunneling through a
P level with empty S level. By comparing the theoretical predictions while varying
the tunneling rates (between complete shell-tunneling and shell-filling), we are able
to assign the peak 4 to tunneling through the P state with one electron already
present in the nanocrystal. The group of peaks after this is a combination of tunnel-
ing through P levels with several added electrons in the quantum dot and tunneling
through hole levels.
On negative voltage, we find that the first peak indeed corresponds to tunnel-
ing through the first conduction level, followed by a mixture of tunneling through
conduction and valence levels. The calculated spectra agree very nicely with the
experiments; the only difference in the parameters between the upper and lower cal-
culated spectra is a constant shift of all the energy levels. Comparing these spectra
we obtain further support for the assignment of the tunneling resonances. It is clear
that all the peaks at positive voltage have shifted to lower energies whereas the first
peak at negative voltage has shifted in the opposite direction. These shifts are due
to a sudden change in ES−EF resulting probably from trapping of an electron in the
surroundings of the dot. The charge can act as a ”local gate” and lead to a shift of
the entire spectrum [22]. Under ”normal” conditions, both conduction and valence
level peaks should shift in the same direction. The observed opposite shift confirms
that the first resonance at negative bias is actually due to tunneling through the
conduction levels.
3.5.2 Electron-electron Coulomb energy from shell-filling spec-
tra
With the help of master equation simulations, we are able to assign the peaks in
the shell-filling spectra. From the energy difference between the peaks we can ob-
tain quantitative values for electron-electron Coulomb interaction between additional
electrons in the nanocrystal.
Table 3.2 shows the assignment of the peaks in terms of specific transitions
between two states of the quantum dot for the spectra presented in Figure 3.11 (a).
The third column gives the chemical potential for the transitions. It follows from
Table 3.2 that the energy difference between peaks 1 and 2 is equal to the Coulomb
energy between the two electrons in the S orbital, JS−S . The energy difference
between peaks 3 and 1 is nearly equal to EP − ES , since (EP − ES)À (ΣP − ΣS).
For a value of η = 0.61, we find JS−S = 0.137 eV and EP − ES = 0.236 eV; the
P − S level separation is in agreement with the value obtained from shell-tunneling
spectra. The energy difference between peaks 4 and 3 is equal to the Coulomb
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Table 3.2: State transitions in the CdSe nanocrystals corresponding to the peaks
in the shell-filling spectra (Figure 3.11 (a)). The third column gives the
chemical potential of the state transition (neglecting exchange interac-
tion): Ei stands for the energy of the confinement level i, Σi for the
polarization energy of an electron in orbital i, Ji−j for the Coulomb re-
pulsion energy between electrons on levels i and j.
peak symbol transition type chemical potential
−1 S0 → S1
1 S0P 0 → S1P 0 ES +ΣS
2 S1P 0 → S2P 0 ES +ΣS + JS−S
3 S0P 0 → S0P 1 EP +ΣP
4 S1P 0 → S1P 1 EP +ΣP+JS−P
repulsion energy between one electron in the S orbital and one in the P orbital,
JS−P = 0.122 eV. In principle, the electron-electron repulsion energy should be very
close to the electron-hole Coulomb attraction energy, which is ∼ 0.5 eV for this size
(compare with Figure 3.8, 3 nm dot). However, in accordance with an earlier study,
we find that the Je−e measured by shell-filling spectroscopy is significantly smaller
than Je−h measured by shell-tunneling spectroscopy [19]. A possible reason for this
discrepancy is screening due to the STM tip that is brought closer to the nanocrystal
in order to reach shell-filling conditions.
3.5.3 Tunneling current in (partial) shell-filling regime calcu-
lated via the nonequilibrium Green’s function method
Following on our article [34], more complex calculations based on nonequilibrium
Green’s function method have been reported (Reference [35]). The theoretical pre-
dictions of the tunneling current are in very good agreement with our experimental
data.
Figure 3.12 shows two examples of the differential tunneling conductance as
a function of the applied bias, in (partial) shell-filling regime, calculated via the
nonequilibrium Green’s function method: at zero K, with (ρ= 35 meV) and without
(ρ= 0 meV) the extrinsic broadening effect. Indeed, the first 4 peaks have been
identified as being the same transitions which we found by master equation approach
(Table 3.2). The peak number 5 was associated with the transition through P level
being occupied by two electrons. The energy difference between peaks 6 and 5 is
equal to Coulomb energy between one electron in the S orbital and two electrons in
the P orbital. Moreover, the calculations show that if the broadening is reduced, the
differential conductance spectrum exhibits more resonance channels as shown in the
lower part of the figure, which cannot be resolved experimentally. We note here that
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Figure 3.12: Differential conductance as a function of the applied bias, in (partial)
shell-filling regime, calculated via the nonequilibrium Green’s function
method (Reference [35]): at T=0 K, with (ρ= 35 meV) and without
(ρ= 0 meV) the extrinsic broadening effect.
the authors’ interpretation of the peaks broadening is not correct: the broadening
is not due to coupling to nearby quantum dots (the experiments were performed on
single, isolated quantum dots), it is mainly due to electron-phonon coupling, as it
will be discussed in the next chapter.
3.6 Summary and conclusions
In this Chapter a detailed size dependent study of the quantum confinement lev-
els in colloidal CdSe nanocrystals using scanning tunneling spectroscopy has been
presented. We investigated two types of samples: isolated quantum dots and two
dimensional arrays of quantum dots. We have shown that complete density of states
can be measured in the absence of selection rules in two tunneling regimes: shell-
tunneling and shell-filling.
In shell-tunneling regime electrons tunnel one at a time through the nanocrystal
under study and the tunneling spectra shows a sequence of peaks, reflecting the elec-
tron and hole energy levels with atom-like symmetries: HOMO, LUMO(S ), P, D,
F etc. To obtain quantitative information from tunneling spectra we calculated the
distribution of the bias voltage in the double-barrier tunneling junction by solving
the Laplace equation for a realistic tip-dot-substrate geometry. It was shown that
the energy level separation is in good agrement with tight-binding calculations. We
extracted the electron-hole Coulomb energy combining the STS and optical measure-
ments. It was shown that this is in accordance with the predictions of electrostatic
calculations.
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It was shown that above the center of a quantum dot in an array, the tunneling
spectra are dominated by electrons tunneling from the tip into the nanocrystal under
study. We came to this conclusion by performing STS in different locations above the
quantum dot. The spectra did not change significantly while the tip was displaced
from the quantum dot center.
Comparing the tunneling spectra measured on quantum dots in an array with
the tunneling spectra measured on isolated quantum dots, it was shown that for the
case of CdSe quantum dots, the electron (hole) delocalization for quantum dots in
array is very small. This is in contrast with the case of PbSe and InAs quantum
dots in two-dimensional array, where a considerable quantum mechanical coupling
has been reported.
In shell-filling regime electrons are accumulated in the nanocrystals. More than
one electron is present at a time in the quantum dot and the electron-electron
Coulomb interactions have a profound effect in tunneling spectra. The observed
transitions in the tunneling spectra were explained using master equation simula-
tions and accounting for the electron and hole occupation of the discrete conduction
and valence orbitals of the CdSe nanocrystals. We found that the first two peaks
on the positive bias correspond to tunneling through a S state which is split by
electron-electron Coulomb energy. The third peak corresponds to an excited state,
tunneling through a P level with empty S level. The peak 4 is assigned to tun-
neling through P level with one electron already present in the nanocrystal. On
negative voltage, we found that the first peak corresponds to tunneling through the
first conduction level, followed by a mixture of tunneling through conduction and
valence levels. From the energy difference between the peaks we obtained quan-
titative estimates of electron-electron Coulomb energy for additional electrons in
the nanocrystal. The identification of the peaks which we found are supported by
theoretical investigations of the tunneling current via the nonequilibrium Green’s
function method, reported in literature following our published manuscript.
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4
The linewidth of resonances in scanning tun-
neling spectroscopy: the case of CdSe semi-
conductor quantum dots 1
Abstract
Scanning tunneling spectroscopy is increasingly used to study the electronic struc-
ture of (ad)atoms, molecules and semiconductor quantum dots. However, the width
of the conductance resonances that indicate the energy levels is much larger than
the thermal energy and this is not well understood. In this Chapter we present
a comprehensive study of the lineshape and width of the conductance resonances
observed with colloidal semiconductor quantum dots. Experimentally, the line-
shape and width is studied for the case of CdSe quantum dots of different sizes,
the nanocrystal being chemically or physically attached to the substrate. The influ-
ence of the temperature is studied from 5 K up to room temperature. We present
basic calculations of the effects of electron-phonon coupling, charge and dipole fluc-
tuations in the close environment of the quantum dot, mechanical oscillations of
the quantum dot in the tunneling junction, and internal heating by non-resonant
electron transport. A comparison with the experimental results show that electron-
phonon coupling forms the main contribution to the linewidth broadening for the
lowest resonance. Fluctuation on the charge landscape around the quantum dot are
most likely involved in additional broadening. More importantly these fluctuations
wash out the vibronic structure of the lineshape that should arise from electron-
phonon coupling. Our results show that in the case of semiconductor quantum dots,
internal heating due to non-resonant electron transport is not important.
1Adapted from: L. Jdira, K. Overgaag, R. Stiufiuc, B. Grandidier, C. Delerue, S. Speller, D.
Vanmaekelbergh, Phys. Rev. B 77, 205308 (2008).
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4.1 Introduction
Scanning tunneling microscopy and spectroscopy (STM and STS) are increasingly
used to study electronic structure of individual (ad)atoms [1–4], atom vacancies [5],
molecules [6–8], cluster such as C60 [9,10], and semiconductor quantum dots [11–14].
The nano-object under study generally is attached to an atomically flat, conductive
substrate, and the STM tip is placed above it. A tunneling current I is measured
as a function of the bias V between the tip and the substrate. The peaks in the
electrical conductance dI/dV vs. bias, i.e. the resonances in the tunneling current,
reveal all the energy levels of the nano-object that can mediate the current between
the tip and the substrate. Hence, tunneling spectroscopy offers a direct method to
study the energy levels of individual nano-objects. It is generally recognized that
the electronic coupling between the nano-system under study and the substrate and
tip electrodes is weak. This ensures that the true eigenstates of the nano-object are
measured, not broadened or shifted by effects of the electronic coupling. In many
cases a tunneling barrier between the substrate and the nano-object has been used,
such as a thin insulating layer of NaCl [5,6] or Al2O3 [15], or a monolayer of organic
molecules [11,16]. The coupling to the tip electrode can be minimized by measuring
at a sufficiently large distance from the nano-object, controlled by set-point current.
The study of the electronic structure of atoms, molecules and quantum dots with
STS has been very successful and is rapidly expanding.
A phenomenon that is not well understood is the shape and width of the ob-
served conduction peaks in the tunneling spectrum: molecules and quantum dots
show broad resonances with widths in the range of 100 meV range [11, 12, 17, 18].
This is much larger than the thermal energy at 5 K, the temperature at which the
measurements are carried out. It should be remarked that the broadening due to
life-time of the electron in the molecule or the quantum dot is unable to explain a
linewidth in the 100 meV range. Often, the conductance peaks lineshape is Gaus-
sian [1, 12], in other cases a vibronic structure has been observed [4, 7, 19].
In this Chapter we consider the linewidth and shape of the conductance peaks of
small colloidal semiconductor nanocrystals in shell-tunneling regime. The electronic
structure of the quantum dots has been studied in detail during the last decade [20],
and remarkable understanding of the tunneling spectra (except for the linewidth)
has been obtained on the basis of semi-empirical pseudo-potential and tight-binding
models [17,21,22].
We study the linewidth of the resonances as a function of the size of the nanocrys-
tal, the temperature and the magnitude of the tunneling current, the latter being
determined by the substrate/barrier/nanocrystal/vacuum/tip geometry. Focusing
on the peak associated with the electron ground state of the CdSe quantum dots,
we observe a variation of the shape as well of its width as a function of the size of
the quantum dot. In order to determine the physics of the line broadening, the dif-
ferential conductance has been calculated considering several sources of broadening:
coupling of the electron to phonon modes in the quantum dot, or displacements of
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the quantum dot in the junction. We also investigate the effects of internal heating of
the quantum dot under study due to non-resonant electron transport. Comparison
between the experimental and theoretical linewidths reveals that moderate electron-
phonon coupling leading to polaron transport through the quantum dot is the main
cause of broadening of the conductance peaks. Fluctuation of the tunneling cur-
rent cause a further broadening of the resonances and hinder the observation of the
vibronic features of electron-phonon coupling.
4.2 Experimental information
Colloidal CdSe quantum dots were prepared according to the method described in
Chapter 1. Prior to their deposition onto a conductive substrate, the nanocrystals
were characterized by transmission electron microscopy (TEM) and optical spec-
troscopy to determine their shape, average size and size-dispersion. The nanocrys-
tals were found to be nearly spherical in shape and to have a size-distribution of
5 − 10%. Their surface was passivated by organic ligands: the 3.4 nm and 6.1 nm
diameter quantum dots with tetraoctylphosphine oxide (TOPO); the 3 nm and 5 nm
diameter quantum dots the ligand shell of the as-synthesized nanocrystals (TOPO)
was exchanged to pyridine.
For the experiments five different sets of samples were prepared:
(A) isolated CdSe quantum dots with an average size of 3 nm, linked to a gold
surface via hexanedithiol molecules;
(B) isolated CdSe quantum dots with an average size of 5 nm, linked to a gold
surface via hexanedithiol molecules;
(C) CdSe quantum dots with an average size of 3.4 nm assembled in array on a
HOPG surface;
(D) CdSe quantum dots with an average size of 6.1 nm assembled in array on a
HOPG surface;
(E) CdSe quantum dots with an average size of 6.1 nm assembled in array on a gold
surface.
The STS performed on CdSe quantum dots in an array indicates that the effect of
electron (hole) delocalization is too weak to be observed as an additional broadening
of the resonances. Thus, the true eigenstates of the quantum dots are measured,
and the peaks in tunneling spectra are not broadened by the interdot electronic
coupling. The advantage of measuring the quantum dots in an array is the stability
of the quantum dot under study, which gives the opportunity to perform STS in a
large set-point current range (see Chapter 3).
The STM/STS experiments were performed in two different setups: a home build
cryogenic STM working at 4.5 K with PtIr tips and a low temperature STM (LT
STM Omicron Nanotechnology) working between 4.8 K and room temperature in
ultra-high vacuum (UHV), with W and PtIr tips. With both, tip and sample held at
the same temperature T , the tunneling spectra were acquired by placing the STM
tip above the center of a dot and deactivating the feedback loop. The tunneling
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Figure 4.1: LUMO(S ) peak of the shell-tunneling spectra measured on an isolated
CdSe nanocrystal with a diameter of 3 nm. The feed-back parameters
were V = 2.5 V and Iset−point = 70 pA. The peak was fitted with a
Gaussian (dotted line) and Lorentzian (dashed line) line shape.
current was measured as a function of the tip-substrate potential difference V . The
tunneling differential conductance G(V ) = dI/dV was obtained by digitally filtering
and differentiating the experimental I−V curves. Acquiring tens of spectra above a
given dot, we found that the I−V curves were reproducible, although discrete shifts
of the curves along the bias voltage axes were observed in some cases. The reason
for this could be the trapping of a charge in the surrounding of the dot that acts
as a local gate and leads to a shift of the measured spectrum [25, 26]. As a result,
only those curves which are shifted by less than +/− 4 mV were average for a given
dot. Typically a large number of I − V curves was acquired above a single dot and
the average of the spectra was made improving the signal to noise ratio. From each
sample, 10− 20 nanoparticles were investigated.
4.3 Experimental results
Tunneling spectroscopy represents a direct method to study the energy levels of
individual nanocrystals. In this section we consider the linewidth and shape of the
conduction peaks of CdSe quantum dots in shell-tunneling regime.
We studied the linewidth of the resonances as a function of the size of the quan-
tum dot, the applied temperature and the magnitude of the tunneling current, focus-
ing on the peak associated with the electron ground state (LUMO(S )). This state is
non-degenerate (except for the spin), and thus the width of the corresponding peak
is a direct indication of the coupling of tunneling electrons with the environment.
Figure 4.1 shows the LUMO(S ) peak of a typical tunneling spectrum measured
on an isolated quantums dot with 3 nm diameter. The spectrum was acquired on a
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Figure 4.2: LUMO(S ) peak measured on CdSe nanocrystals: (a) 3 nm diameter,
single quantum dot (sample A), V = 2.5 V, Iset−point = 70 pA; (b) 5
nm diameter, single quantum dot (sample B), V = 2.5 V, Iset−point = 60
pA; (c) 3.4 nm diameter, quantum dot in array (sample C), V = 2.5 V,
Iset−point = 2000 pA; (d) 6.1 nm diameter, quantum dot in array (sample
D), V = 2.5 V, Iset−point = 400 pA. The symmetry of the peak changes
with the dot diameter: smaller dots have a symmetric shape, bigger dots
have a slight asymmetric shape.
nanocrystal linked to a gold surface, at 4.5 K in shell-tunneling regime. We remark
that the lineshape is better fitted by a Gaussian than a Lorentzian function. The full
width at half maximum (FWHM) is 88 meV. This is more then hundred times larger
than the thermal energy. Also the broadening due to the life-time of the electron in
the quantum dot is unable to explain this linewidth. Indeed, from the uncertainty
relation, the broadening due to the dwell time of the electrons through the quantum
dot-substrate tunnel junction cannot be higher than a few µeV for currents in the
nA range.
Figure 4.2 shows the S peak of the spectra measured on nanocrystals with dif-
ferent diameters and on different substrates. The peaks of the isolated nanocrystals
with 3 nm and 5 nm diameter are shown in Figure 4.2 (a) and (b). The spectra were
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Figure 4.3: The FWHM of the LUMO(S ) (circles), P (squares) and D (triangles)
peaks measured as a function of the set-point current for: (a) 3 nm
diameter isolated CdSe quantum dot linked to a Au surface; (b) 3.4
nm diameter CdSe quantum dot in array on HOPG surface; (c) 6.1 nm
diameter CdSe quantum dot in array on HOPG surface; (d) 6.1 nm
diameter CdSe quantum dot in array on Au surface. The measurement
temperature was 4.8 K and the stabilization bias voltage 2.5 V. The
FWHM is normalized by the voltage distribution parameter (see the
text).
acquired at 4.5 K on nanocrystals linked via organic molecules to a gold surface, in
shell-tunneling regime. Interestingly, the symmetry of the peaks changes with the
dot diameter. The S peak of the 3 nm diameter quantum dot has a symmetric shape,
and a slight asymmetry becomes visible for the quantum dot with 5 nm diameter.
Figure 4.2 (c) and (d) shows the S peak of tunneling spectra obtained on nanocrys-
tals with 3.4 nm and 6.1 nm diameter assembled on HOPG substrate. The spectra
were acquired at 4.8 K in shell-tunneling regime. As for isolated nanocrystals, the
asymmetry of the peaks becomes visible for bigger quantum dots.
To obtain quantitative information for the peaks width, the voltage distribution
between the tip and substrate has to be known. In tunneling experiments the applied
voltage does not drop completely across the tip-quantum dot junction. The measured
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Figure 4.4: The FWHM of the LUMO(S ) peak, measured on CdSe dots with diam-
eter of 6.1 nm, as a function of temperature. The dots belong to array
assembled on the gold and HOPG surfaces. The FWHM is normalized
by the voltage distribution parameter (see the text). Line: fit showing
that the FWHM varies linearly with a slope of 0.37 meV/K.
zero conductivity gap is always larger than the quasi-particle gap of the quantum
dot by a factor 1/η, where η corresponds to the ratio between the potential drop in
the tip-quantum dot junction and the applied voltage [17, 20–22]. Similarly to the
quasi-particle gap, the width of the peaks associated with the quantized states of the
nanocrystal are also broadened by a factor 1/η. The η was calculated in the Chapter
3 by solving the Laplace equation in realistic tip-dot-substrate configuration. We
found 0.74 for isolated nanocrystals and 0.8 for quantum dots in array. Multiplying
the FWHM of the S peaks by the related η factor finally yields normalized FWHM
values: 88 meV for 3 nm diameter isolated dot, 70 meV for 5 nm diameter isolated
dot, 82 meV for 3.4 nm diameter dot in array, 73 meV for 6.1 nm diameter dot in
array; suggesting that the FWHM decreases with increasing quantum dot size.
We studied if the width of the peaks increases with tunneling current. Figure 4.3
shows the normalized FWHM of the S, P and D peaks for four CdSe nanocrystals
in a set-point current range corresponding to shell-tunneling regime. As already
mentioned, the set-point current can be varied in a much wider range for quantum
dots in array, without observing the occurrence of additional charging peaks in the
spectra. In a simple picture of shell-tunneling, it might be expected that, the width
of the peaks increases with increasing the tunneling current. Experimental evidence
does not confirm this expectation. Remarkably, no matter what the environment of
the quantum dots and their size are, the FWHM of the peaks is independent of the
applied current. We also note that the FWHM tends to increase for the quantum dot
electronic orbitals with higher spatial extension and degeneracy. The same behavior
was found at temperatures up to 300 K for quantum dots with a size of 6.1 nm:
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the FWHM is independent of the set-point current in the shell-tunneling regime.
Another question is, however, why are the FWHM values scattered as a function of
set-point current. We will answer also to this question in the next sections.
Figure 4.4 shows the FWHM of the S peak (normalized by η) as a function of
temperature. Due to experimental requirement of very good temperature stability, it
was not possible to measure a complete temperature series on the same nanocrystal.
Instead, we had to perform an experimental run on different quantum dots, on the
same sample, for each particular temperature. In the temperature range from 5 K
to 300 K, the FWHM clearly increases linearly with the applied temperature.
4.4 Theoretical results
In this section we discuss the possible origins of energy level broadening. The
objective is to understand the nature of the peak broadening, its dependence on
external parameters (temperature, current, electronic state), and to discuss several
possible mechanisms at the origin of the electron-vibration coupling in quantum dots
which could explain the experimental results. The issue of the thermal dissipation
in the system will be also considered.
4.4.1 Current through a level coupled to a local vibration
mode
We discuss the lineshape of the conductance peak corresponding to the injection of
an electron from the tip to a non-degenerate state of a quantum dot at the energy
ε0. We assume that the tunneling differential conductance, G(V ), would be a Dirac
function in absence of electron-vibration coupling, i.e. G(V ) ∝ δ(eV − ε0). We first
consider the simplest case where an electron on the electronic state interacts with a
single vibrational mode of energy h¯ω localized in the nanocrystal. We neglect the
effect of the vibrations in the leads.
The electron-vibration coupling is characterized by the Huang-Rhys [29] factor
S such that λ = Sh¯ω is the reorganization (relaxation) energy (or polaron energy
shift) due to injection of an electron into the quantum dot (S is also often denoted g
and λ also corresponds to the Frank-Condon shift dFC in optical experiments [30]).
The probability per unit time for the transfer of an electron from the tip to the
quantum dot is obtained from Fermi’s golden rule [20,31]:
W =
2pi
h¯
| βif |2
∑
ni
p(ni) (4.1)
×
∑
nf
| 〈χnf (Q−Q0f ) | χni(Q−Q0i )〉 |2 δ(Ei,ni −Ef,nf )
where i and f denote the initial and final states of energy Ei,ni and Ef,nf respectively,
βif is the tunneling matrix element between electronic states (supposed here to be a
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constant), and Q is the normal coordinate of the vibrational mode. | χnf (Q−Q0f |〉
and | χni(Q − Q0i |〉 are the eigenstates of the harmonic oscillators centered at the
position Q0f and Q
0
i , respectively. Q
0
f differs from Q
0
i due to the lattice relaxation
induced by electron injection (Q0i −Q0f =
√
2Sh¯/ω) [20,30]. p(ni) is the probability
to have ni quanta of vibrations in the initial state at the temperature T . The
calculation in Equation 4.1 of the overlaps between displaced oscillators can be
found in many references leading to [20,29–33]:
G(V ) ∝
∑
p
Wp δ(eV − ε0 − ph¯ω) (4.2)
with
Wp = exp
[
ph¯ω
2kT
− S coth
(
h¯ω
2kT
)]
Ip
{
S
sinh(h¯ω/2kT )
}
(4.3)
where Ip is a modified Bessel function. Similar equation can be derived from Refer-
ences [27,28]. Positive (negative) values of p correspond to the emission (absorbtion)
of vibrations. In the strong coupling limit (S À 1), the expression of Wp becomes
(| (p− S) |¿ S):
Wp ≈
exp
(
− (p−S)22S coth(h¯ω/2kT )
)
√
2piS coth(h¯ω/2kT )
(4.4)
showing that G(V ) is a series of peaks whose envelope is a Gaussian centered on
p = S. The FWHM of the Gaussian is given by [20,28]:
∆E =
√
8 ln(2)λh¯ω coth(h¯ω/2kT ). (4.5)
From this equation, two opposite situations clearly emerge. When kT ¿ h¯ω
[coth(h¯ω/2kT ) ≈ 1], ∆E is independent of the temperature and is only determined
by the electro-vibration coupling strength and the phonon energy. Recent STS
experiments on a dangling bond state at a Si surface have shown results belonging
to this category [4]. It is also interesting to note that when the temperature goes to
zero, Wp is also exactly given by (p ≥ 0):
Wp =
Sp
p!
e−S . (4.6)
In the opposite situation kT À h¯ω, corresponding to the classical limit [coth(h¯ω
/2kT ≈ 2kT/h¯ω], ∆E behaves as √λkT and the Gaussian lineshape arises from the
thermal fluctuation of the oscillator.
When the electron is coupled to several vibrational modes, the full lineshape is
given by the convolution of all the lineshapes corresponding to the coupling to each
individual mode [20, 32, 33]. This may lead to a strong broadening such that the
identification of the individual vibronic peaks may become difficult. But, even in
that case, the Gaussian lineshape can be recovered in different limits of the strong
electron-phonon coupling or at high temperature limit [30].
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Figure 4.5: Polaron shift energy (relaxation energy) λLO induced by the coupling to
LO phonons (Equation 4.7) as a function of the diameter of the quantum
dot. For CdSe (solid line): ²in(0) = 9.3, ²∞ = 6.1, h¯ω = 26 meV,
RP=3.3 nm. For InAs (dashed line): ²in(0) = 15.1, ²∞ = 12.3, h¯ω = 30
meV, RP = 7.4 nm.
4.4.2 Coupling to longitudinal optical phonons
In polar crystalline materials, the coupling of an electron to longitudinal optical
(LO) phonons can strongly influence the electronic and optical properties.
In the case of nanocrystals, there exist bulk-type phonons and interface-type
phonons which may be involved in the formation of polarons. In spherical quantum
dots, extensive work shows that coupling to interface-type LO phonons is weak
and that bulk-type phonons play the dominant role in the polaron energy shift
[20, 34–37]. When the quantum dot radius R is smaller than the polaron radius
Rp =
√
h¯/(2m∗ωLO) where m∗ is the effective mass, the polaron energy shift can be
calculated using the adiabatic approximation giving for an electron in a LUMO(S )
state [20,34–37]:
λLO ≈ 0.39× e
2
R
(
1
²in(∞) −
1
²in(0)
)
(4.7)
where ²in(0) and ²in(∞) are the static and high frequency dielectric constants of the
quantum dot material.
Figure 4.5 represents the variation of the relaxation energy λLO as a function of
the diameter of the quantum dot, for CdSe and InAs nanocrystals. λLO is much
larger in CdSe than in InAs because it is a more ionic material. Even if λLO reaches
substantial values at small radius, the strong coupling regime (S = λLO/h¯ωLO À 1)
is almost never obtained.
In Figure 4.6, we plot the differential conductance calculated using Equations
4.2 and 4.6 at 0 K. We have considered an electron coupled to LO modes and the
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Figure 4.6: Tunneling conductance at T = 0 K versus the energy (eV − ²0) for an
electron in S state of a CdSe quantum dot coupled to LO phonons.
Results are shown for two quantum dot diameters and are calculated
using Equations 4.2 and 4.6 in which each Dirac function is broadened
by a Gaussian. The different curves correspond to different widths of
the Gaussians (FWHM = 2, 10, 20, 30 and 40 meV).
results are shown for CdSe quantum dots of different diameters (2 nm and 4 nm).
The spectra (solid lines) are the sums of peaks whose envelope is strongly asymmetric
because we are in an intermediate coupling regime (S ≈ 1). Such spectra with well
resolved peaks are clearly not observed experimentally but the results show that the
coupling to LO phonons probably contributes to a large extent to the formation of
the experimental lineshape. Figure 4.6 shows that, for a diameter of 4 nm, a FWHM
of ≈ 70 meV could be obtained if we broaden each peak by a Gaussian with FWHM
of ≈ 40 meV.
4.4.3 Coupling to acoustic phonons
An electron injected into a quantum dot also couples to acoustic phonons. Simple
models of coupling to acoustic modes can be found in the literature showing that the
relaxation energy λ decreases very quickly with nanocrystal size, as 1/R [3,20,38–40].
For CdSe quantum dots, λ ≈ 16 meV can be estimated for R = 1.1 nm [38, 39],
giving λ ≈ 6 meV for R = 1.5 nm and λ ≈ 2.7 meV for R = 2 nm. Similar values
are predicted using the methods described in Reference [20]. Thus the coupling
to acoustic phonons certainly contributes to the broadening of the STS peaks but
only in small quantum dots. However, we have to take care that these models
are based on several approximations, and recent density functional theory (DFT)
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calculations have shown that they underestimate the relaxation energy in small Si
nanocrystals [41]. DFT calculations of the structural relaxation in charged CdSe
quantum dots should be of high interest in this context.
4.4.4 Broadening induced by the environment
We discuss the extrinsic factors that could be at the origin of the broadening of
the STS peaks.
Fluctuations of charges
The first one is the fluctuation of charges around or at the surface of the quantum
dot. These fluctuations are often invoked to explain the spectral diffusion of the
photoluminescence of quantum dots [42–45]. The width of the STS peaks is then
related to the variations of the electron energy in the quantum dot due to the
displacements of the external charges. To estimate this effect, it is interesting to
consider the (charging) energy U required to inject a second electron on the same
shell of a quantum dot. This energy has been measured in shell-filling spectroscopy
and, for diameters of 3 nm, values of ≈ 135 meV and ≈ 250 meV have been reported
for CdSe [12] and InAs [11] quantum dots, respectively. For charges at the surface
or outside of the quantum dot, the vibrations in the electronic energy are expected
to be considerably smaller. We conclude however that the charge fluctuations may
contribute to the broadening.
Polarization of the environment
Colloidal quantum dots are surrounded by entities suck as polar molecules which, in
response to the electric field induced by the injection of an electron in the nanocrys-
tal, may reorient themselves or have some structural relaxation leading to a polar-
ization field (i.e. formation of an organic polaron).
Following the model proposed by Marcus [46], thermal fluctuations of the envi-
ronment couple to the electron which is then allowed to tunnel from the tip to the
quantum dot non-resonantly, the difference in energy between the initial and final
states being provided by the environment. Such a mechanism was invoked by Brus
to explain the higher conductance of porous silicon in presence of a polar liquid,
the electrons tunneling from dot to dot [47]. In the likely situation where kT is
higher than the typical vibration energies (for comparison, ≈ 0.1 meV for water at
room temperature), the broadening is Gaussian. To calculate the electron molec-
ular vibration coupling, we consider a simple model in which the quantum dot is
surrounded by a dielectric layer of thickness δR and of static (dynamical) dielectric
constant εout(0) (εout(∞)). The relaxation energy is given by:
λp =
(
1
2
∫
Ω
ρ(r)V (r)dr
)
∞
−
(
1
2
∫
Ω
ρ(r)V (r)dr
)
0
(4.8)
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Figure 4.7: Solid line: relaxation energy λp of an electron in a S state induced by
the dielectric response of a 0.5 nm thick polarizable layer around the
quantum dot versus its diameter (²out(0) = 20, ²out(∞) = 2). FWHM of
the STS peak induced by this relaxation calculated at two temperatures
(5 K: dashed line; 30 K: dotted line).
where V (r) is the electrostatic potential induced by the S electronic density ρ(r)
and Ω is the nanocrystal volume. The factor 1/2 comes from the fact that it is a
self-energy. We make the difference between the high frequency limit (∞) and the
static one (0) to keep only the response of the vibrations. Using the Gauss theorem,
we are left with:
λp =
e2
2
(
1
εout(∞) −
1
εout(0)
)(
1
R
− 1
R+ δR
)
(4.9)
which, as long as ρ(r) has a spherical symmetry, neither depends on the semicon-
ductor dielectric constant εin or on the expression of ρ(r).
Figure 4.7 presents the variation of λp with size for δR = 0.5 nm, εout(0) = 20,
and εout(∞) = 2. The FWHM of the STS peaks induced by this coupling is also
shown for two temperatures, 5 K and 30 K [Equation 4.5 in the limit kT À h¯ω].
We see that the calculated FWHM can be substantial but, with a value of 9 meV,
is not sufficient to explain the observed linewidths for diameters of 6.1 nm.
4.4.5 Broadening induced by the displacements and oscilla-
tions of the quantum dot in the junction
In typical STS experiments of isolated quantum dots, the quantum dot is linked to
the substrate, for example by molecules [11], which mechanically can be represented
by some spring of stiffness ks. When the system is biased, there is a significant
electric field between the tip and the substrate and, therefore, when an electron is
injected into the nanocrystal, there is an electric force which induces a displacement
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of the quantum dot. The effect of the coupling between the mechanical vibrations of
a quantum dot placed between two leads has received recently considerable interest
[48–51] in the framework of the development of the nanoelectromechanics [52]. In
this section we discuss how such a coupling could lead to a Gaussian broadening of
the STS peaks.
We consider a system depicted in Figure 4.8. We define by x1 and x2 the distance
of the quantum dot to the substrate and the tip, respectively. At a given bias V ,
x1+x2 is equal to a constant X. The total energy of the quantum dot with a charge
q (in units of e) is given by [21,22]:
E = ηV q +
1
2
Uq2 +
1
2
ks(x1 − x01)2 (4.10)
where U is the charging energy define above, ηV is the potential in the quantum
dot (0 ≤ η ≤ 1) and x01 is the equilibrium quantum dot-substrate distance when
q = 0. We consider now the case where the quantum dot is charged by one electron
(q = −1) and we make a Taylor expansion of E around x01:
E = −ηeV + U
2
+B(x1 − x01) +
1
2
ks(x1 − x01)2 (4.11)
where B = ∂∂x1 [−ηeV + U/2]. Minimizing this total energy with respect to x1, we
calculate the relaxation energy λs = B2/(2ks) as a difference between the energies
in the neutral and charged situations, respectively. To estimate B, we use a simple
Substrate
Tip
x2
x1 kS
V
Γ2
Γ1
Figure 4.8: Simple model of the tip-quantum dot system in which the quantum dot
is linked to the substrate by a spring of stiffness ks.
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model in which the double junction of Figure 4.8 is described by two capacitances C1
and C2 which depend on the distances x1 and x2: C1 = C01x
0
1/x1 and C2 = C
0
2x
0
2/x2.
Using U = e2/(C1 + C2), η = C1/(C1 + C2) [21,22] and x1 + x2 = X, we obtain:
B =
eV C01C
0
2
(C01 + C
0
2 )2
[
1
x01
+
1
x02
]
− e
2
2(C01 + C
0
2 )2
[
C02
x02
− C
0
1
x01
]
. (4.12)
With V ≈ 1 V, C1 and C2 in the range of 1 aF, the second term in Equation
4.12 can be neglected. Using the values derived in Reference [22] from STS spectra,
C01 = 0.95 aF, C
0
2 = 0.29, x
0
2 = 0.3 nm, we obtain B ≈ 1 eV/nm.
The evaluation of the spring stiffness ks is obviously more difficult because it
requires to know the nature of the contact between the nanocrystal and the substrate.
In the following, we estimate ks from the Young’s modulus EY measured on a
octadecyltriethosysilane monolayer on mica [53]. When a pressure P is applied on
the layer, the elastic energy per unit of volume is P 2/(2EY ). If we define by S0 the
area of contact between the quantum dot and the monolayer, the elastic energy in
the monolayer under the contact is S0x0P 2/(2EY ) where x0 is the thickness of the
monolayer. The applied force at the surface is PS0 which is also equal to ks∆x if we
simulate the system by a spring and if ∆x is the displacement of the quantum dot.
Using the fact that the elastic energy in the spring is given by 12ks∆x
2, we deduce
that ks = S0EY /x0. With EY ≈ 0.3 GPa [53], S0 = 0.1Sdot where Sdot = 4piR2 is
the surface of the dot, x0 = 0.5 nm, we obtain ks ≈ 19 eV/nm2 for R = 2 nm.
With B ≈ 1 eV/nm and ks ≈ 19 eV/nm2, we get a relaxation energy λs ≈ 26
meV which is far from being negligible. With a mass of the quantum dot given by
M = 4piR3ρ where ρ = 5.81 g/cm3 is the density of CdSe, the vibration energy
of the oscillator is h¯
√
ks/M ≈ 8 × 10−5 eV. Thus we are in the classical regime
(h¯ω ¿ kT ), the lineshape is a Gaussian with FWHM of ≈ 11 meV at 5 K.
The FWHM of ≈ 11 meV at 5 K that we estimate shows that the nano-oscillation
of the quantum dot could possibly be involved in the broadening of the STS spectra.
However, in that case, the FWHM should strongly depend on the tip-sample dis-
tance and on the nature of the substrate, which is not the case in our experiments.
We conclude that the relaxation energy due to the mechanical displacement of the
quantum dot in the junction is smaller than in our estimation, probably due to a
higher stiffness of the quantum dot-substrate link.
This model is valid only if the amplitude of the oscillations is small compared to
the tip-quantum dot and quantum dot-substrate distances. Using previous numbers,
we deduce a displacement of the quantum dot after charging ∆x = B/ks ≈ 0.05 nm,
which is small compared to x01 and x
0
2, justifying our approximations. But, even if
∆x is small, the variations of the tunneling rates with the displacements cannot be
totally neglected. The influence on the lineshape of these variations are discussed in
the Appendix. We show that the main conclusions of this section remain valid.
72 Chapter 4. The linewidth of resonances in STS: the case of CdSe QDs
0.01 0.1 1
1
10
100
1000
T
em
p
er
at
u
re
 (
K
)
Current (nA)
10
1
0.1
0.01
0.001
Figure 4.9: Effective temperature in a quantum dot (R = 2 nm) versus the tunneling
current I plotted for different values of the interface thermal conductance
G in MWm−2K−1. The dashed lines represents the results obtained
when the dissipation through black-body radiation is neglected. All the
curves reach the value T = Tout = 5 K for I = 0.
4.4.6 Temperature of the quantum dot and thermal dissipa-
tion due to electron transport
In tunneling experiments, each time an electron flows through the system, some
part of its energy is released into the quantum dot by coupling to local vibration
(phonon) modes. On average, this energy is of the order of λ, the reorganization
(or relaxation) energy. Thus in stationary regime, there is an important heat flow
into the nanocrystal. The heat is transferred to the surrounding of the quantum
dot, i.e. to the substrate and to the tip. The question is, however, in how far the
temperature of the quantum dot exceeds the temperature applied at the substrate.
In STM experiments, the coupling between the quantum dot and its environment
is weak and the heat dissipation is limited by the thermal conductance of the interface
[54]. While the temperature of the environment is kept at a constant value Tout,
the electrons and the phonons in the quantum dot can reach a local equilibrium
characterized by an effective temperature T . It has been shown that for sufficiently
small particles, the thermal conductance G per unit area of the particle-environment
interface plays an important role in the thermal decay of a particle heated by a laser
pulse [54, 55]. For colloidal metal particles in fluids, values of G between 5 and 130
MWm−2K−1 are reported [55] and thus probably provide upper values for situations
corresponding to STM experiments. Based on this, we can write the rate equation
for the heat exchange in the quantum dot:
dQ
dt
=
(
I
e
)
λ−GSc[T (t)− Tout]− σSdotT (t)4, (4.13)
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where I/e is the tunneling rate from the tip into the dot, Sc is the contact area across
which heat is transferred from the dot to the environment. The last term in Equation
4.13 describes the heat dissipation by black-body radiation to the free space, σ =
5.56 × 10−8 Wm−2K−4 is the Stefan-Boltzmann constant. The temperature of the
dot under steady state condition (dQ/dt = 0) becomes:
T = Tout +
Iλ
eGSc
(4.14)
where the black-body radiation can be neglected, otherwise Equation 4.13 must be
solved numerically.
Figure 4.9 presents the variation of T with the current I for different values of
G from 101 to 10−3 MWm−2K−1. We have considered a typical situation where
R = 2 nm, λ = 50 meV, and Tout = 5 K. We have also assumed a small contact
area S = 0.1Sdot. Figure 4.9 shows that the black-body radiation is negligible
except at high temperature (≥ 300 K) which can be reached for small values of
G (¿ 1 MWm−2K−1). For G ≥ 1 MWm−2K−1, i.e. for a thermal conductance
at the contacts comparable to the values reported for the solid-fluid interface, the
temperature rise is below 5 K. But Figure 4.8 shows that the nature of the coupling
between the dot and the substrate plays an important role in the heat dissipation,
and that the dissipative heating may occur in some cases.
4.5 Discussion
In order to determine the physical mechanism(s) at the origin of broadening,
we first focuss on the variation of the linewidth as a function of tunneling current
intensity. If the heat dissipation is insufficient, the non-resonant tunneling can lead to
a linear increase of the dot temperature with the current, Equation 4.14. It follows
from Equation 4.5 that the FWHM should be proportional to the square root of
the tunneling current. However, Figure 4.3 clearly shows that in our experiments
the FWHM does not depend on the tunneling current. Hence, heat dissipation is
effective and the dot temperature equals the temperature in the cryostat. This also
means that at 5 K, the thermal energy is much smaller than LO phonon mode.
We analyze further the broadening caused by electron-phonon coupling mecha-
nism. In this situation, the shape of the S peak should depend on the strength of
the electron-phonon coupling: for strong electron-phonon coupling, the peak should
exhibit a symmetric Gaussian shape, whereas in the intermediate regime, the Gaus-
sian lineshape should be asymmetric as shown in Figure 4.6. Such variation of the
lineshape is consistent with the experimental observation found in Figure 4.2 and
4.1. Indeed, for the quantum dot with smallest size, where the electron confinement
is the highest and thus the electron-phonon coupling is the strongest, the S peak was
best fitted by a Gaussian. But when the quantum dot size increases, the theoretical
lineshape becomes more asymmetric (Figure 4.6) and the S peak can no longer be
fitted by a single Gaussian, as shown for the lower fit in Figure 4.10 in the case of
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Figure 4.10: Comparison between experimental (continuous line) and calculated
(dotted lines) differential conductances for an electron in a S state
of a CdSe nanocrystal, with a diameter of 6.1 nm. The lower theoret-
ical curve is a simple Gaussian fitted to the experimental conductance
peak. The upper ones are obtained for an electron coupled to the LO
phonon mode (h¯ωLO = 26 meV) and correspond to a series of vibronic
peaks broadened by a Gaussian with width of 6.9 meV or 30.5 meV.
a quantum dot with a 6.1 nm diameter. Instead, by considering that the lineshape
is given by a series of peaks whose amplitude is determined by the coupling to the
LO phonons (λLO given by Equation 4.9), we are able to fit the S peak, when each
vibronic peak is broadened with a FWHM of 30.5 meV (upper curve in Figure 4.10).
Surprisingly, we have never been able to resolve each individual vibronic peak, in
contrast to the recent measurements performed on a single Si dangling bond, where
equidistant vibronic peaks separated by about 30 meV could be resolved [4]. The
broadening of the vibronics that we use in the fits must have a physical origin too;
below, we discuss additional sources of broadening.
The acoustic phonons or the dielectric response of the polarizable organic capping
layer leads to further broadening. But, with predicted FWHM of 2 meV (Section
4.4.3) and 9 meV (Figure 4.7) respectively, the linewidth can not be fully explained
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Figure 4.11: (a) Fluctuations of the tunneling current as a function of time for a
voltage corresponding to the peak maximum position of the S orbital.
Inset: voltage contour used to ensure that the measurement of the tun-
neling current occurs at the peak maximum position of S orbital. (b)
Histogram showing the distribution of the tunneling current fluctua-
tions. The current intensity is translated onto energy on the upper
horizontal axis.
by such effects for quantum dots with a 6.1 nm diameter. Mechanical oscillations of
the quantum dot in the junction are also possible cause of broadening. But, since
similar linewidths are obtained for the five sets of samples, independently of the
nature of the quantum dot-substrate coupling and of the tip-quantum dot distance,
we conclude that mechanical oscillations of the quantum dot in the junction do not
form a substantial source of broadening either.
Therefore, there must be another origin of line broadening. In Section 4.4.4 we
show that the charge fluctuations in the environment of the dot in the tip/dot/substrate
junction could play an important role. Such fluctuations have been invoked to ex-
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plain the spectral diffusion of the photoluminescence of quantum dots [42, 44]. The
width of the STS peaks is then related to the variations of the electron energy in
the quantum dot due to the displacements of external charges. To obtain experi-
mental evidence of such fluctuations the variations of the tunneling current has been
investigated.
To get a deeper insight into the spectral line broadening, the variations of the
tunneling current as a function of time were thus acquired at the bias voltage VS
corresponding to the position of the maximum of the S peak. To ensure that the
tunneling current was really measured at the energy of the S peak maximum, the
voltage was first ramped down to zero and ramped back up to VS , where the voltage
was then kept constant for duration of tens of seconds. During this period of time,
the fluctuations of the current were acquired with a sampling rate of 10 µs and
then recorded every 5.12 ms. An example of such measurements is shown in Figure
4.11 (a), for experimental conditions where the current is quite stable and the I(V)
spectra were continuously reproducible before this measurements. From these I(t)
spectra, a statistical count is shown in Figure 4.11 (b). Using the left part of the
I − V curve, we can convert the tunneling current variations into energy and we
find a FWHM of 56 meV for the distribution of the fluctuations, in good agreement
with the range of FWHMs found experimentally from the differential conductance
S peak. This FWHM corresponds again to a value bigger than the energy of the LO
phonon mode in CdSe.
From this measurements, it is thus clear that fluctuations of the current con-
tribute to the linewidth of the S peak and impede the observation of the vibronic
peaks in tunneling spectroscopy experiments of CdSe quantum dots. We also can
explain the scattering of the FWHM of the peaks as a function of set-point current:
fluctuations of the tunneling current give rise to the variations of the FWHM (Fig-
ure 4.11 (b)) and consequently, scattering of its value for different set-point current
(Figure 4.3).
Redistribution of charges at the surface of the quantum dots or in the vicinity of
quantum dots has been invoked to explain spectral fluctuations observed in optical
spectroscopy of colloidal quantum dots, such as intermittency fluorescence [42, 44]
and such phenomenon is likely to be enhanced by the high electrical field applied
in the tunneling junction [56]. More recently, the movement of surface charges
was confirmed through optical spectroscopic measurements performed on nanorod
consisting of a CdSe core and an elongated CdSe shell [45].
Interestingly, in this later study, linear dependence of the broadening as a func-
tion of the temperature was observed, similar to the one found in Figure 4.4, where
we obtain a slope of 0.37 meV/K for the linear fit. Such a coefficient is quit close
to the value of 0.30 meV/K expected for a broadening induced by the spread of
the electron energy distribution. As a result, when the temperature increases, the
evolution of the Fermi-Dirac distribution of electrons in the tip is likely to hide all
the other possible mechanisms involved in the spectral broadening.
Finally, the FWHM of the P andD peaks are found to be larger then the S peaks,
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as indicated by Figure 4.3. These levels are assumed to be degenerate. However, due
to an intrinsic crystal electric field or the field over tip/dot/substrate junction the
degeneracy of the P and D levels could be lifted, resulting in additional broadening
of these resonances.
4.6 Summary and conclusions
In this Chapter a detailed study of the linewidth of the resonances associated with
the single-particle energy levels of CdSe quantum dots has been presented. To
understand this phenomenon was far from trivial and extensive theoretical investi-
gations were needed. We developed a fruitful collaboration with the group of Prof.
Christophe Delerue (Institut d’Electronique de Microelectronique et de Nanotech-
nologie, Lille, France) where the theoretical calculations have been performed.
We focussed on the peak associated with the electron ground state, i.e. LUMO(S ),
which is a non-degenerate state, except for the spin. A measure of its width is a
direct indication of the coupling of tunneling electrons with the environment.
By studying quantum dots with different sizes, we found a variation of the peak
shape from a symmetric to an asymmetric form, as well its width with increas-
ing the quantum dot diameter. This was attributed to coupling of LO phonons to
the tunneling electrons. However, such interplay between the electron and the vi-
brational modes of the quantum dot does not completely explain the experimental
linewidth and we have therefore discussed other possible mechanisms involved in
spectral broadening of the peaks.
By studying quantum dots with different capping molecules, on different sub-
strates, different diameters and using different set-point currents it was shown that
the heat dissipation is effective and the internal temperature of the quantum dot
under study equals the temperature of the substrate.
We discussed the broadening induced by the coupling to the acoustic phonons and
the dielectric response of the polarizable organic capped layers. But the linewidth
can not be explained by such effects. Mechanical oscillations of the quantum dot in
the junction was also analyzed. From the results obtained for the five sets of samples
we conclude that it cannot explain our observations either.
It was shown that the fluctuations of the tunneling current caused by fluctuations
of the environment lead to an additional broadening, which explains way LO phonon
replica of the peaks are not observable in these conditions. The tunneling current
fluctuations also explain the scattering of the FWHM of the peaks as a function of
set-point current. If these fluctuations could be reduced, we predict that the effects
related to the coupling to phonons could be seen in some cases.
Increasing the temperature of the substrate, we observed a linear dependence of
the broadening as a function of the temperature. From this experiment it is likely
that the evolution of the Fermi-Dirac distribution of electrons in the tip hide all
other possible mechanisms involved in the spectral broadening.
A number of mechanisms that we discussed here for nanocrystal quantum dots
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could also be important in the tunneling spectroscopy of molecules. For instance,
vibrational modes have been observed in a number of cases [7,8], while in other cases
only one broad resonance is observed [6]. In the later case the vibrations are washed
out, and the mechanisms that we discussed here, e.g. fluctuations in the charge
landscape and dipolar environment, oscillations of the molecule in the junction and
even heating of molecule due to non-resonant tunneling could be the origins for this.
Appendix A: Influence of the distance dependent tunneling
rates on the STS lineshape
We have already discussed that in the limit kT À h¯ω the lineshape is a Gaussian
of the form G(E) ∝ exp[−E2/(4λkT )]. This expression can be obtained classically
by considering the transmission energy between two oscillators, the first one centered
at x1 = x01 − B/ks with the notations of Section 4.4.5. In this limit, G(E) is given
by (with λ = λs = B2/2ks) [20]:
G(E) ∝
∫ +∞
−∞
δ(E −BX)e− ksX
2
2kT dX (4.15)
where X = x1 − x01, BX is the difference in energy between the two oscillators at
a given X (with a constant without importance here), and the exponential is the
Boltzmann probability to have a kinetic energy ksX2/2. This calculation suppose
that the transition rate does not depend on X. But, in the case of a tunneling
process, the tunneling rate depends on X exponentially, like exp(−αX) where α ≈
2.3A˚−1 (if the current decreases by a factor 10 for 1A˚ increment of the tip-quantum
dot distance). Taking this effect into account, the lineshape becomes:
G(E) ∝
∫ +∞
−∞
δ(E −BX)e−αXe− ksX
2
2kT dX (4.16)
leading to:
G(E) ∝ eαE/Be−E2/(4λskT ) ∝ e−(E−E0)2/(4λskT ) (4.17)
where E0 = 2αλskT/B. Thus we recover a Gaussian characterized by the same
width but just shifted in energy. Using the numbers obtained in Section 4.4.5, we
predict a shift E0 ≈ 10 meV.
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5
Scanning tunneling microscopy and spec-
troscopy of CdSe semiconductor quantum
dots assembled in a multilayer array 1
Abstract
Colloidal quantum dots can self-assemble into close-packed two- and three-dimensional
superlattices which are often compared with solids build from ordinary atoms. Such
quantum dot solids present opportunities to combine the unique properties of the
individual quantum dots and the cooperative effects in a solid, with potential appli-
cations in novel optical and electronic devices. The optical and electrical properties
of these systems are determined by the electronic structure of the nanocrystal build-
ing blocks and their mutual interactions. In this Chapter, we present observations
and analysis of the electronic structure of CdSe quantum dots assembled in a hexag-
onally ordered solid consisting of two quantum dots layers, using low temperature
scanning tunneling topography and spectroscopy. The probability of electron injec-
tion into the quantum dot array depends strongly on the symmetry of the quantum
dot wavefunctions and their response to the local electric field. Quantitative spec-
troscopy of the quantum dot energy levels is possible if the potential distribution in
the STM tip-quantum dot array-substrate is taken into account.
1Adapted from: L. Jdira, K. Overgaag, J. Gerritsen, D. Vanmaekelbergh, P. Liljeroth, S. Speller,
in press Nano Lett (2008).
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5.1 Introduction
Colloidal quantum dots can self-assemble into close packed two- and three-dimensional
superlattices. These systems are often compared with solids build from ordinary
atoms: the nanocrystal building blocks take the place of the atoms in a solid, and
the packing arrangement determines the unit cell parameters of the superlattice [1,2].
Such quantum dots solids present opportunities to combine the unique properties
of the individual quantum dots and the cooperative effects in a solid, with poten-
tial applications in novel optical and electronic devices. For example, hybrid light-
emitting diodes (LEDs) that combine organic molecules and colloidal quantum dots
with efficiency of a few percent, sufficient for commercial interest, have been real-
ized [3]. The optical and electrical properties of these systems are determined by the
electronic structure of the nanocrystal building blocks and their mutual interactions.
In the strong confinement regime, semiconductor quantum dots have widely spaced,
discrete energy levels corresponding to orbitals with atom-like symmetries (S, P, D
etc) [4–6]. In assemblies, the resulting material can have properties beyond those
of its individual components (e.g. binary superlattices can have enhanced electronic
conductivity over the sum of individual conductances of single component) [11]. The
relation between the local (nano-scale) structure and the electronic density of states
is important for understanding the fundamental properties of these systems, and it
is also an important factor in understanding the relation between individual and
collective behavior of the nanocrystal building blocks. However, macroscopic prop-
erties of quantum dots solids, such as electric conductivity, reflect a system average
and overlook microscopic variations caused by the size and shape distribution of the
nanocrystal building blocks, or the ”crystallographic” position and coordination of
a quantum dot in the array [7,8,17]. Hence, there is a need for measurements of the
local electronic structure at a relevant scale, that is the size of the quantum dots
(nanometer length scale).
Furthermore, the drive to further miniaturize the active area to only a few quan-
tum dots requires a rethinking of the electrical contacts [8,12]. The characteristics of
the electrical contacts to the quantum dot layer, i.e. the tunneling contact between
a macroscopic metal and a quantum system, are likely to be crucial in determining
the device performance. The electrical field due to the applied bias between the
contacts give rise to the (quantum confined) Stark effect which will naturally affect
the energies of the electronic levels [13, 28]. In addition, the field will influence the
spatial shape and extension of the wavefunctions in the nanocrystal host, and thus
the tunneling contact. Depending on the direction of the field, it may also lift the
degeneracy of the energy levels. The central questions are: (i) What is the role of
the electric field distribution over the active device volume, and (ii) how does the
symmetry of the quantum confined energy levels of the individual quantum dots
affect the current transport in the device. These questions are equally relevant to
the field of molecular devices.
In this Chapter, we use low-temperature scanning tunneling microscopy (STM)
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and spectroscopy (STS) on multilayer arrays of colloidal CdSe quantum dots as a
model system to controllably contact individual quantum dots in the first or second
layer with the STM tip. The effects due to the field distribution can be probed
locally and with high energy resolution. STS has been extensively used to measure
the electronic spectrum of single, isolated semiconductor quantum dots, quantum
dot-metal heterostructures, and molecular quantum dot aggregates [4–6, 9, 10]. In
addition, studies of self-assembled monolayer arrays of semiconductor quantum dots
(PbSe and InAs) have been reported [23, 24]. Prior to the present measurements,
it was not clear whether a quantitative measurement of the local density of states
(LDOS) is possible on arrays thicker than a monolayer: a quantum dot bilayer
already consists of an insulating film of > 10 nm in thickness, seriously questioning
the assumption behind the simple field-over-tunnel barrier model that is commonly
used in interpreting electron tunneling spectroscopy [14]. We will show here that
the quantum dots energy levels can be measured quantitatively on both mono- and
bilayer once the effect of the potential distribution over the tunneling barriers and
the quantum dot layer has been taken into account. Furthermore, we establish
”selection rules” for STS in a double-barrier tunneling junction based on the spatial
symmetries of the orbitals that are involved in the tunneling processes. Finally, this
understanding will be used to elucidate the effect of an asymmetric electric field on
the electronic spectrum occurring at a step-edge of the quantum dot layer.
5.2 Experimental information
The colloidal CdSe quantum dots were prepared using the method described in Chap-
ter 1. Prior to their deposition onto a conductive substrate, the nanocrystals were
characterized by transmission electron microscopy (TEM) and optical spectroscopy
to determine their shape, average size and size-dispersion. The nanocrystals were
found to be nearly spherical in shape, with an average diameter of 6.1 nm, and a 5%
dispersion of the size distribution. Their surface was passivated with tetraoctylphos-
phine oxide (TOPO).
A simple way to obtain a quantum dot solid is by deposition from a nanocrystal
suspension upon solvent evaporation, i.e drop-casting. The amount of particles de-
termines whether a monolayer or a three-dimensional assembly is formed. A narrow
size distribution is necessary for formation of arrays exhibiting at least short-range
order. The capping molecules play a role in determining the superlattice pack-
ing arrangement: nanocrystals with shorter capping molecules lead to substantially
disordered solids compared to those with the longer ones [18, 19]. Temperature
is another parameter influencing the quality of the resulting superlattice, higher
temperature increasing particle mobility which promotes long range order in the
assembly [1, 15,16].
For the experiments, the hexagonal close-packed arrays were prepared allowing
a drop consisting of CdSe nanocrystals dissolved in CHCl3 solution to slowly dry on
an atomically flat HOPG substrate. A second drop-casting on such quantum dots
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(a) (b)
(c) (d)
(e) (f)
2 nm 6 nm
10 nm 9 nm
0.2 nm 5 nm
Figure 5.1: STM topographies of 6.1 nm CdSe quantum dots showing the evolu-
tion from a single quantum dot to a quantum dot solid: (a) isolated
quantum dot, (b) hexagonal assembly of seven quantum dots, (c) island
of hexagonal-packed quantum dots, (d) multilayer stacking of quantum
dots. Figures (e) and (f) show a comparison of Au atoms with a mono-
layer of CdSe quantum dots. The measurement parameters were: 2.5
V and 5 pA for imaging the CdSe quantum dots, 0.5 V and 500 pA for
imaging the Au atoms.
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monolayer allows the dots to self-organize into a second layer. The samples were
annealed up to 150 0C in ultra-high vacuum (UHV) overnight prior to the experi-
ments. Vacuum annealing leads to interdigitation of capping molecules as evidenced
by the very good stability of the quantum dots arrays under STM imaging in UHV
conditions.
The scanning tunneling microscopy/spectroscopy (STM/STS) experiments were
performed at 4.8 K with a low temperature UHV STM (LT-STM Omicron Nan-
otechnology). STM images were taken in constant-current mode using PtIr and W
tips with typical values of 2-2.5 V for the bias and 5-10 pA for the tunneling current.
With both tip and sample held at the same temperature T , the tunneling spectra
were acquired by choosing a quantum dot of interest, placing the STM tip above its
center and disconnecting the feedback loop. The tunneling current was measured
as a function of the tip-substrate potential difference V . The differential tunneling
conductance G(V ) = dI/dV was obtained by digitally filtering and differentiating
the experimental I − V curves. Typically a large number of I − V curves were ac-
quired above a single dot and the average of the spectra was made improving the
signal to noise ratio. We performed STS at different locations within the assembly,
on quantum dots in the first and second layer, in the middle of the array and at the
step-edges.
5.3 Scanning tunneling topography
Figure 5.1 presents STM topographies showing the evolution of quantum dot
assemblies from a single, isolated quantum dots to a quantum dot solid. Isolated
quantum dots on a conductive substrate were obtained by linking them with organic
molecules (Figure 5.1 (a)). The quantum dots assemblies presented in Figures 5.1
(b), (c) and (d) were obtained by drop-casting from quantum dots solution on a
conductive substrate. The amount of particles determines whether a monolayer
or a three dimensional assembly is formed. For instance the structure shown in
Figure 5.1 (b) was obtained allowing a drop of quantum dots solution to slowly dry
on the substrate, while the three-dimensional structure presented in Figure 5.1 (d)
was obtained by drop-casting several drops from the same quantum dot dispersion.
Such systems are often compared to solids build from ordinary atoms. Figures 5.1
(e) and (f) show for comparison topography imagines of Au atoms and of CdSe
quantum dots. The artificial material still suffers variations because of the size and
shape distribution of the nanocrystals building blocks, but structural similarities are
obvious.
A typical STM topography of a double-layer quantum dot structure is shown in
Figure 5.2. The layers show local hexagonal packing, but lack true long-range order
due to size and shape distribution of the nanocrystal building blocks. The interdot
distance was limited by the presence of the organic ligands (TOPO) that terminate
the quantum dot surface. The line profile gives the center-to-center spacing of ∼ 7
nm, and ∼ 1 nm the spacing between the quantum dots. We note that an inter-
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15 nm
Figure 5.2: Typical STM topography of 6.1 nm diameter CdSe quantum dots assem-
bled in two-layers array. The tip-surface distance was stabilized at 5 pA
and 2.5 V. The line profile is shown confirming the two-layer structure.
The apparent height is much smaller than the expected nominal height
(see the text).
dot spacing of ∼ 1 nm is consistent with results of small-angle X-ray scattering on
close-packed CdSe quantum dot array capped with the same capping molecules [17].
TEM measurements performed on an InAs quantum dot array deposited on a TEM
grid and capped with TOPO also showed that the distance between quantum dots
is ∼ 1 nm [24]. In this particular measurement the apparent STM height of the
two-layers structure is much smaller than the nominal height expected from TEM
characterization of the quantum dots. The smaller apparent height was often mea-
sured during imaging the quantum dots structures. We observed that applying a
voltage pulse to the tip (from -10 V to 10 V), the measured apparent height be-
comes closer to the nominal size. We came to the conclusion that during imaging,
the tip can pick up capping molecules (which can exist free on the surface) affecting
tunneling conditions, and consequently the measured apparent height. An exam-
ple of tip effects and related topographic features is reported for the case of STM
experiments on (Cr)-filled carbon nanotubes [20]. It was demonstrated that small
apparent heights are due to the STM tip status, i.e. the tips of either PtIr or W
pick up various forms of carbonaceous contaminants like carbon fibres. Instead of
vacuum tunneling barriers, Ohmic contact between the tip and surface occurred,
leading to a decrease in the tube’s height. Similar mechanisms are possible for the
case of STM investigations of CdSe quantum dots arrays.
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After topographic imaging, to examine the electronic structure, we can select any
dot for tunneling spectroscopy. The STS results are presented in the next sections.
5.4 Scanning tunneling spectroscopy
STS offers opportunities to measure the LDOS at extremely high spatial resolution.
Investigating the LDOS of a multi-layer array of quantum dots is far from trivial for
a number of reasons: the array has a limited stability, since it is held together by
Van der Waals interactions (not by chemical bonds as in a molecule or an atomic
metal); the building blocks are large and not perfectly spherically shaped which
means that the entire tip shape is important not only the ”last” atom of the tip;
the distribution of the bias is complex, the potential drops over the multilayers,
and as a consequence the spectroscopic data must be ”renormalized” before correct
interpretation is possible.
The characteristics of the tunneling current are mainly determined by the fol-
lowing factors: the tunneling rates into (Γin) and out (Γout) of the nanostructure,
the voltage distribution in the substrate/quantum dot layer(s)/tip barrier tunnel
junctions, and the interdot wavefunction quantum mechanical coupling (covalent
interactions). If the Γin is smaller than Γout (i.e. shell-tunneling spectroscopy)
the electrons tunnel one-by-one through the nanocrystal under study and charg-
ing effects are absent [21]. The voltage distribution in the double-barrier tunneling
junction influences the relation between applied bias and true width of the measured
zero-conductivity gap and the energies of the resonances in tunneling spectra [22].
Quantum mechanical coupling between wavefunctions of quantum dots is reflected
in the widths of the tunneling resonances: broadened features in tunneling spectra
for the case of strong coupling (the case of a monolayer array of PdSe quantum
dots [23] and InAs quantum dots [23]); well separated energetic levels if the coupling
is weak and the electron (hole) states are not delocalized over neighboring quantum
dots (the system reflect the properties of a molecular solid).
5.4.1 Tunneling spectroscopy on quantum dots in the first
and second layer: the middle of the array
The possibility of performing microscopy on a multi-layer array structure offers
opportunities to investigate quantum dots in different layers.
Figure 5.3 (a) shows a tunneling spectrum measured on a quantum dot in the
first layer. As discussed in Chapter 3, the resonances in tunneling spectra measured
on CdSe quantum dots in a monolayer array, correspond to tunneling through quan-
tum dot orbitals with S, P,D envelope symmetries. A typical tunneling spectrum
measured on a quantum dot in array, in the second layer, is shown in Figure 5.3
(b) (the measured dot is indicated in the insert). The discrete states remain and
have not merged into a conduction band. The spectrum exhibits a zero-conductance
gap and three peaks increasing in intensity at positive voltage. The resonances at
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Figure 5.3: Typical tunneling spectra measured on two-layers array of CdSe quan-
tum dots: (a) quantum dot in the first layer of the array; (b) quantum
dot in array in the second layer. The stabilization parameters were 1.6
nA the set-point current and 2.5 V the bias voltage. The inserts indicate
the investigated nanocrystals.
negative bias are not observed. At bias voltage exceeding -2.5 V and 2.5 V, the
tunneling conditions become unstable.
In Figure 5.4 the tunneling spectra were recorded while gradually increasing the
set-point current from 0.4 nA to 1.6 nA. For the spectra measured on quantum dots
in the first layer (Figure 5.4 (a)), the position of the peaks is not affected and new
resonances are not measured, confirming shell-tunneling conditions (see Chapter 3).
Figure 5.4 (b) shows tunneling spectra measured on a dot located in array in the
second layer. As for tunneling spectra for quantum dots in the first layer, the spectral
features are independent on the tip-dot distance. These results indicate that in the
second layer the STS is performed in the shell-tunneling regime. Thus, we ascribe
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Figure 5.4: Set-point dependence of tunneling spectra, dI/dV vs. bias, measured
on a two-layers array of CdSe quantum dots: (a) a dot in the first layer,
set-point 0.4, 0.8, 1.2 and 1.6 nA, voltage 2.5 V; (b) a dot in the second
layer, set-point 0.4, 0.8, 1.2 and 1.6 nA, voltage 2.5 V. The peaks at
positive bias voltage correspond to tunneling through LUMO(S), P, D,
etc. electron orbitals. The peaks at negative bias, for dots in the first
layer, correspond to tunneling through the HOMO and other hole states.
The peaks do not shift and their intensity increases with increasing set-
point current (decreasing tip-dot distance).
the resonances in the dI/dV spectra to quantized states with atom-like envelope
symmetries: LUMO(S ), P and D. The fact that the tunneling spectra exhibit the
signature of zero-dimensional LDOS, suggests weak quantum mechanical coupling
between wavefunctions of adjacent quantum dots located in the first and second
layer of the array.
5.4.2 Tunneling spectroscopy on quantum dots in the second
layer: the periphery of the array
It is interesting to compare the tunneling spectra measured on quantum dots on
different locations, i.e. dots located in the middle of the array in the second layer,
with dots located at the periphery of the array.
Figure 5.5 shows correlated topography-spectroscopy results acquired on nanocrys-
tals at different locations. The measured quantum dots are labelled and shown in
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periphery of the array. The stabilization parameters were 1.2 nA at 2.5
V. (d) The STM topography of the measured nanocrystals.
Figure 5.5 (d). In the first layer, all the spectra measured show resonances at both
positive and negative bias (Figure 5.5 (a)). The spectra measured on quantum dots
located centrally in the array in the second layer show only three peaks at positive
bias (Figure 5.5 (b)). In the spectra measured at the periphery of the array in the
second layer new resonances are observed. This can be seen in Figure 5.5 (c). The
spectra do not look like shell-filling spectra, the S orbital is not split into two reso-
nances (see Chapter 3). More likely, the observed resonances reflect P orbitals that
are not degenerate. We argue below that this can be due to non-spherical shape of
the quantum dots and the effect of the electric field at the edge of the array.
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5.5 Discussion
The resonances in the tunneling spectrum on quantum dots in the second layer
appear to be located at higher applied bias than the corresponding resonances of
quantum dots from the first layer. To understand this, we analyze the bias voltage
distribution in tunneling junction. In STS experiments the bias voltage applied
between the tip and the substrate does not drop completely across the tip-quantum
dot junction. The bias voltage at resonance in the tunneling spectrum is related to
the energy levels Ei, through [22]:
ηVbias = Ei +Σi (5.1)
where Σi is the polarization energy and η corresponds to the ratio between the
potential drop in the tip-quantum dot junction and the total applied bias [22]:
η =
Vtip − Vdot
Vbias
(5.2)
As a result, the measured zero-conductivity gap is always larger than the quasi-
particle gap by a factor 1/η. We calculated η by solving the Laplace equation
numerically (COMSOL Multiphysics 3.4, Comsol Ab, Sweden) for a realistic tip-
dot-substrate geometry, assuming a dielectric constant of 10 for CdSe and 3 for the
organic capping molecules around the dot. The results are shown in Figure 5.6,
where the applied bias is distributed over the quantum dots of 6.1 nm diameter,
the capping molecules of 1 nm thickness and a typical tip-quantum dot vacuum
separation of 1 nm. We found that η is on average 0.70±0.05 and 0.55±0.05 for
quantum dots in the middle of the first or second layer, respectively. Multiplying
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the measured P -S peak separation by the related η factor finally yields a normalized
P -S levels separation of 0.22±0.02 eV and 0.26±0.02 eV for quantum dots in the
first and second layer, respectively. Tight-binding calculations predict an P -S energy
separation of 0.230 eV for quantum dots of this size [27]. These results show that it is
possible to obtain quantitative information on the energy level positions of individual
quantum dots in quantum dot multilayers, provided that an independent estimate of
the bias distribution over the entire system is available. This is an important result
for future experiments on three-dimensional binary quantum dot superlattices.
The interdot quantum mechanical coupling can be analyzed from the width of the
peaks in tunneling spectrum. Similarly to the quasi-particle gap, the width of the
peaks associated with the quantized states of the quantum dots must be corrected by
a factor 1/η. Figure 5.7 shows the normalized full width at half maximum (FWHM)
of the S orbital as a function of the neighboring dots. The number of the neighboring
dots increases from 6 for dots in the first layer to the maximum 9 for dots in the
second layer. After normalization we found FWHM values in the same range for
dots in different layers and different coordinates. The reason for scattered values
for FWHM have their origin in a number of uncertainties. Besides broadening by
electron-phonon coupling that varies with the size and shape of the nanocrystals,
fluctuations of the tunneling current due to charge fluctuations in the environment
of the dot, lead to variation of the peak broadening (Chapter 4). On the other
hand, variations in the shape of the tip may lead to variations in the bias voltage
distribution between the tip and substrate (Chapter 3), which can cause scattering of
the peak broadening after normalization. However, the results in Figure 5.7 indicate
that the electron states are not delocalized over neighboring dots. The interdot
wave function coupling of CdSe quantum dots in array is not detectable in the STS
experiments. We note that our data are consistent with the results reported by Kim
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et al. who found no evidence for interdot wavefunction coupling in CdSe quantum
dots assemblies under elevated pressure [25].
It is interesting to compare the intensity ratio of the resonances measured in
shell-tunneling regime on quantum dots from different layers (Figure 5.3). In the
shell-tunneling regime, the total current is limited by tunneling from the tip into the
quantum dot. Hence, the tunneling current is [22]:
I = neΓin (5.3)
where n is the number of available electron channels and Γin is the tunneling rate
from the tip to the quantum dot. Consequently, it might be expected that the P
to S peak intensity ratio is correlated with the degeneracy of the energy levels, i.e.
an amplitude ratio of 3 for P to S is expected on the basis of degeneracy for both
quantum dots in the first or second layer. However, experimental evidence does not
confirm this expectation. We found the P to S peak intensity ratio to be on average
3.4±0.7 for spectra measured on quantum dots in the first layer, and 5.6±0.6 for
spectra measured on quantum dots in the second layer. In addition, the P to S peak
intensity ratio does not depend on the tip-quantum dot distance in the investigated
set-point current range (Figure 5.8). In order to understand the failure of intuitive
reasoning, the symmetry of the P orbitals and the effect of the electric field have to
be taken into account.
Interestingly, a P to S intensity ratio of 8.6 has been measured on CdSe quantum
dots assembled in a monolayer array on a high dielectric constant substrate. These
results are discussed in the Appendix.
In STS experiments, due to the applied bias voltage between the tip and sub-
strate, the quantum dot is exposed to a considerable electric field. It is well-known
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that based on theory and experiment both the energies and the distribution of elec-
tron densities of the quantum dot eigenstates are affected due to quantum confine-
ment Stark effect (QCSE) [13,22,28,31]. Consequently, the electric field can influence
the tip-quantum dot wavefunction overlap resulting in different current intensities
for orbitals of different symmetry. We offer a theoretical support for these findings
for the case of CdSe quantum dots, by solving the Schro¨dinger equation in a realistic
tip-dot-substrate configuration and taking into account the effect of electric field due
to the applied bias. The Hamiltonian of the system is [28]:
H = −(h¯2/2m∗)∇2 + V (r)− eφ(r) (5.4)
where m∗ is the effective mass, V(r) is the potential step with step height corre-
sponding to the work function of CdSe, eφ(r) is the electric potential inside the
dielectric sphere placed in an electric field. For a particle-in-a-box model without an
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electric field, the first eigenvalue corresponds to the envelope wavefunction having
S -type symmetry (n=1, l=0). The first-excited state has the quantum numbers n=1
and l=1 (P -type envelope function) and is threefold degenerate in Px, Py and Pz
(m=-1, 0 and 1). The electron density of the S and P envelope functions are shown
in Figure 5.9: (a) when no electric field is applied, (b) when a homogeneous electric
field of 40 mV/nm (see below for typical fields in STS junction) is applied along the
z-axis between the STM tip and substrate. The electronic densities shift away from
the center of the dot toward the negative z direction (lower potential). Hence, the
electron states in quantum dots become strongly localized near the substrate at the
large positive bias applied between the STM tip and substrate. Two consequences
emerge from this effect. Firstly, energy is gained by moving the electronic densities
in electric field, i.e. Stark shift. For 6 nm diameter CdSe quantum dots, the Stark
shift is roughly 10 meV for the S state. Observing this shift quantitatively in our
experiments is not possible due to the quantum dot size and shape distribution. The
second consequence is that it makes the overlap between the quantum dot and tip
wavefunction smaller and hence affects the resonant tunneling probability, i.e. the
amplitude of the dI/dV signal in the experiment. Moreover, Figure 5.9 suggests
that within the three-fold degenerated P -level, only the Pz orbital is expected to
have significant overlap with the tip wave function, and thus give rise to resonant
tunneling. The transmission coefficient of electrons tunneling from the tip to the
Px and Py orbitals is likely to be very small at the center of the nanocrystal (nodal
plane).
In the Tersoff-Hamann formalism [14], the tunneling current (and hence dI/dV
signal) is proportional to the square of the wave function of a given state at the
position of the STM tip and thus depends on how the quantum dot wavefunction
extend outside the nanocrystal. As a result of the electric field, the electron density
shifts away from the tip and Ψ2 at the tip apex is reduced with increasing bias.
According to our calculations, the Ψ2 at the tip apex for the S and Pz states is only
a function of the electric field in the quantum dot and does not depend on wether the
dot is in the first or second layer of the array. In addition, at a given bias, the average
electric field in the quantum dot directly under the STM tip is roughly equal for a
quantum dot in the first and the second layer. However, due to voltage distribution
in the STM junction, the bias voltage at resonance and hence the electric field is
larger on a bilayer compared to a monolayer: in the monolayer, the electric field
integrated over the quantum dot is ∼ 40 mV/nm at the bias of the S resonance
and ∼ 56 mV/nm for the Pz resonance, in the second layer it is ∼ 57 mV/nm for
the S resonance and ∼ 67 mV/nm for the Pz resonance respectively. Theoretically,
we find roughly a 20% increase in the Pz to S intensity ratio, confirming that the
difference in the measured tunneling spectra for CdSe is not an intrinsic effect but
simply the change in the electric field distribution going from the first to the second
layer. The fair correspondence between theory and experiment also support our idea
that only one of the P orbitals (Pz) is involved in electron tunneling. In order to
quantitatively relate the measured intensity on the resonance in the dI/dV spectra
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to the true LDOS, it is necessary to consider in detail the spatial extension of the
wavefunctions involved in the tunneling processes.
Further observations of the response of the orbitals in the electric field are given
by the possibility of investigating quantum dots at different sites in the array. Sur-
prisingly, the spectra measured on quantum dots at the periphery of the second
layer show an additional peak, as illustrated in Figure 5.5 (c). The results suggest
that the P state is not degenerate. Varying the set-point current between 0.1 and
0.8 nA shows that these spectra are also measured under shell-tunneling, i.e. the
additional resonances in not related to a lifting of the level degeneracy by Coulomb
interactions. A possible hypothesis is that the two closely spaced resonances cor-
respond to tunneling through the different P levels. However, the QCSE alone is
not sufficient to explain the experimental energy separation (after correcting for the
bias distribution) of ∼ 100 meV between the two peaks at a bias of ∼ 2 V. There
has to be another physical reason for the magnitude of the observed splitting of the
P levels. It is well-known that the typical synthesis conditions yield CdSe quantum
dots that are slightly prolate due to the wurtzite crystal structure of CdSe. The
long axis of the quantum dot corresponds to the c-axis of the crystal (typical aspect
ration of about 1.2) and it is oriented parallel to the substrate [15, 32]. Based on
effective mass calculations, the expected energy splitting between the P levels due
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to the non-spherical shape of the quantum dot is indeed on the order of the 100
meV, in good agreement with the peak separation in the tunneling spectra in Figure
5.5 (c). It is thus reasonable to assign the two peaks in the spectra in Figure 5.5
(c) to the tunneling through Px (parallel to the c-axis, lower bias) and Pz states
(perpendicular to the c-axis, higher bias). The remaining challenge is to explain
how tunneling through the Px level (oriented along the c-axis of the quantum dot
crystal, i.e. parallel to the substrate) has a much higher probability of a quantum
dot at the periphery compared to one in the interior of the array.
To explain the occurrence of the additional peak, we calculated the voltage dis-
tribution in a realistic tip-quantum dot-substrate geometry, for a quantum dot at
the periphery of the second layer (Figure 5.10 (a)). Due to the asymmetry of the
geometry at the periphery of the layer, there is a lateral component of the electric
field within the quantum dot directly under the STM tip. This asymmetric field
deforms the quantum dot wavefunction; the calculated Ψ2 for the Px and Pz orbital
is shown in Figure 5.10 (b). In particular, the orientation of the Px orbital is ro-
tated with respect to the xy-plane. This reorientation of the wavefunction makes it
possible to have tunneling through this orbital even though the STM tip is located
over the centre of the quantum dot resulting in an additional peak in tunneling spec-
tra. While the calculations predict orders of magnitude increase in the tunneling
probability through the Px level due to the lateral electric field, the experimental
magnitude of the Px resonance is not fully reproduced. The remaining discrepancy
might be due to, for example, the presence of the permanent crystal dipole. The
lateral electric field is absent for quantum dots located well in the array and conse-
quently, the STM tip above the centre of the quantum dot is at nodal plane of the
Px and Py wavefunctions.
5.6 Summary and conclusions
In this Chapter a detailed study of electronic properties of CdSe quantum dots solids
has been presented. They are model systems to study the relation between the local
quantum dot configuration and the local electronic density of states.
Extended arrays have been obtained by drop-casting of CdSe nanocrystals dis-
persed in CHCl3 solution. It was shown that the amount of particles determines
whether a monolayer or a multi-layer assembly is formed. Annealing the samples in
UHV prior to the experiments leads to quantum dots arrays with very good stability
under STM imaging. The good stability can be due to interdigitation of the capping
molecules.
Prior to the present measurements, it was not clear whether a quantitative mea-
surement of the local density of states (LDOS) is possible on arrays thicker than a
monolayer: a quantum dot bilayer already consists of an insulating film of > 10 nm in
thickness, seriously questioning the assumption behind the simple field-over-tunnel
barrier model that is commonly used in interpreting electron tunneling spectroscopy.
We show here that the quantum dots energy levels can be measured quantitatively
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on both mono- and bilayer once the effect of the potential distribution over the
tunneling barriers and the quantum dot layer has been taken into account.
We demonstrated how STM and STS can be used to controllably contact and
probe quantum dots in multilayer assemblies. The probability of electron injection
into the quantum dot assembly depends strongly on the symmetry of the quantum
dot wavefucntions and their response to the local electric field set up by the contacts.
In particular, the presence of an asymmetric electric field at the step-edge of the
quantum dot array can break the symmetry of the wavefunctions and open tunneling
channels that otherwise have zero probability of transmission.
Our results are important for understanding how the electrical contacts between
a macroscopic metal and a quantum dot solid work. We show that an electric field
can affect the carrier wavefunctions in quantum dots in several ways and hence,
influence the performance of the opto-electric devices based on quantum dot solids.
Future devices will require control of the tunnel contacts in terms of energy and
wavefunction symmetry, and should not overlook local irregularities in the quantum
dot array.
Appendix A: Tunneling spectroscopy on CdSe quantum dots
assembled in a monolayer array on SrTiO3 capped La0.67Sr0.33MnO3
substrate
We discussed the influence of the electric filed on the intensities of the peaks
in tunneling spectra measured on CdSe quantum dots assembled in a double-layer
structure. Due to the action of the electric field, the P to S intensity ratio of
tunneling spectra measured on quantum dots in the second layer is bigger by almost
a factor of 2 compared to this ratio measured on quantum dots located in the first
layer. Similar effects can be obtained on monolayers of quantum dots assembled on
a high dielectric constant substrate, i.e. SrTiO3 (STO) capped La0.67Sr0.33MnO3
(LSMO) thin film.
Thin LSMO films were deposited on TiO2-terminated STO (001) substrates by
pulse laser deposition [29]. It is well established that LSMO growths epitaxially on
STO [29, 30]. Subsequently, 3 monolayers of STO have been deposited on LSMO.
Preliminary STM and STS studies of STO capped LSMO thin films could not demon-
strate if the electrons tunnel through the STO barrier. In other words, at this stage,
we can not conclude that in STM and STS the STO film is probed, or the LSMO
underneath.
The hexagonal close-packed monolayer arrays were obtained by drop-casting on
STO capped LSMO substrate of CdSe quantum dots dissolved in CHCl3 solution.
Prior to STM experiments the sample was annealed overnight up to 150 C0 in UHV.
Typical tunneling spectra measured on such sample are shown in Figure 5.11.
The set-point current was gradually increased from 0.3 nA to 1.8 nA. Surprisingly,
these spectra are measured on a quantum dot belonging to a monolayer array but
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they are very similar with the spectra measured on quantum dots in array located
in a second layer of a double-layer quantum dot structure, Figure 5.4 (b). The
spectra show a zero conductivity gap and three peaks increasing in intensity at
positive bias. The transitions at negative bias are not observed. Increasing the set-
point current the spectral features are not affected, only the intensity of the peaks
increases, confirming shell-tunneling conditions. Thus, we ascribe the resonances in
dI/dV spectra to quantized states with atom-like symmetries: LUMO(S ), P and D.
Moreover, the average ratio of the P to S intensity peaks is ∼ 8.6, compatible with
the P to S intensity ratio found for the spectra measured on quantum dots in the
second layer.
The main difference between the two systems studied is the substrate: the spectra
shown in Figure 5.4 are measured on quantum dots assembled on a HOPG substrate,
the spectra shown in Figure 5.11 are measured on a STO capped LSMO substrate.
The HOPG has a dielectric constant of 2.26 while the bulk STO has a dielectric
constant of 300. Consequently, the voltage distribution over the tunneling junctions
and the electric field at which the quantum dots are exposed, might be different.
These parameters can influence the zero conductivity gap and the intensity of the
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current in tunneling spectra. However, further investigations are needed (first of all
of the substrate) in order to elucidate these phenomenons.
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Summary
Due to increasing demands for smaller, faster, multifunctional devices, the electronic
industry has arrived at the threshold of nanotechnology, with the first production of
nanochips with less than 100 nm dimension in 2003. However, as the fundamental
limits are soon to be reached, new approaches and ideas are needed for creating
even smaller functional systems, with nanometer dimensions. In the past decades,
the field of colloidal nanocrystals has experienced fast growth. The interest has been
raised by the unique opportunity that the colloidal nanocrystals offer: the ”bottom-
up” approach of molecular assembly, in comparison to the equivalent quantum dots
produced by conventional ”top-down” semiconductor processing techniques. This
makes the nanocrystals particulary interesting for nanotechnology, as it is a very
scalable process.
In this general context, understanding of the physics of charge transport in col-
loidal semiconductor quantum dots is important for producing quantum dot based
devices. This thesis highlights how scanning tunneling microscopy (STM) and spec-
troscopy (STS) investigations can contribute to advance our understanding of quan-
tum dots physics. They can provide a proper experimental tool for both imaging
and characterization in a nanometer length scale. Eventually, the information will
be used to understand their macroscopic electrical and optical properties.
In the strong confinement regime, individual semiconductor quantum dots (some-
times called ”artificial atoms”) have discrete electronic levels that shift to higher
energy with decreasing size. Optical absorbance, luminescence, and exciton spectro-
scopies have been used to study in detail the dependence of the optical transitions
of nanocrystal size, shape, and material. It is, however, difficult to separately in-
vestigate electron and hole energy levels by optical spectroscopy as it inherently
involves transitions between two levels, and not individual states. Resonant tunnel-
ing spectroscopy provides a way to overcome this limitation. It is able to provide
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unique information on the electronic properties of the system at a relevant length
scale (nanometer scale), as it can probe the complete density of states in the absence
of selection rules. We present a detailed study of the electronic structure of colloidal
semiconductor CdSe quantum dots, using STM and STS. We distinguish two tunnel-
ing regimes: shell-tunneling and shell-filling spectroscopy. In shell-tunneling regime
the single-particle energy levels are measured, while in shell-filling regime we obtain
quantitative estimates of the Coulomb energy between two additional electrons in
nanocrystal.
A phenomenon that was not well understood is the shape and width of the ob-
served conduction peaks in tunneling spectrum. We consider the lineshape of reso-
nances in scanning tunneling spectroscopy associated with the single-particle energy
levels of CdSe quantum dots. Calculating the current through a level coupled to
local vibration modes and estimating the influence of the other physical mechanisms
involved in the linewidth, we are able to rationalize the widths of resonances. Mean-
ingful variations of the peak shape and width as a function of the nanocrystal size
are explained by polaron transport, while fluctuations of the tunneling current are
found to contribute substantially to the linewidth.
Colloidal quantum dots can self-assemble into close packed two- and three-dimen-
sional superlattices. These systems are often compared to solids build from ordi-
nary atoms in which the nanocrystal building blocks takes the place of atoms in a
solid, and the packing arrangement determines the unit cell parameter of the su-
perlattices. The optical and electrical properties of these systems are determined
by the electronic structure of the nanocrystal building blocks and their mutual in-
teractions. Moreover, the drive to further miniaturize the active area to only a few
quantum dots requires a rethinking of the electrical contacts. The characteristics of
the electrical contacts to the quantum dot layer, i.e. the tunneling contact between
a macroscopic metal and a quantum system, are likely to be crucial in determining
the device performance. The electrical field due to the applied bias between the
contacts give rise to the (quantum confined) Stark effect which will naturally affect
the energies of the electronic levels. In addition, the field will influence the spa-
tial shape and extension of the wavefunctions in the nanocrystal host, and thus the
tunneling contact. We demonstrate that qualitative spectroscopy of the quantum
dot energy levels is possible even for multilayer quantum dot films once the effect of
the potential distribution over the tunneling barriers and the quantum dot layer has
been taken into account. We establish ”selection rules” for STS in a double-barrier
tunneling junction based on the spatial symmetries of the orbitals that are involved
in the tunneling processes. Future devices will require control of the tunnel contacts
in terms of energy and wavefunction symmetry, and should not overlook the effects
of the electric field due to the contacts or local irregularities in the quantum dot
array.
Samenvatting
Gedreven door de toenemende vraag naar kleinere en snellere multifunctionele apara-
ten, is de elektronische industrie, met de productie van de eerste chips met afmetin-
gen kleiner dan 100 nm in 2003, aangekomen op de drempel van de nanotechnologie.
Aangezien de fundamentele ondergrenzen snel bereikt zullen worden, zijn nieuwe
methoden en ideen nodig voor het fabriceren van nog kleinere, enkele nanometers
grote, functionele systemen. In de afgelopen decennia jaren is het onderzoeksveld van
de collodale nanokristallen sterk gegroeid. Dit komt mede door het unieke voordeel
van deze collodale nanokristallen: ze kunnen geproduceerd worden door middel van
de ”bottum-up”methode van de moleculaire assemblage, in tegenstelling tot pro-
ductie met behulp van de gebruikelijke ”top-down”technologien die voor halfgelei-
ders gebruikt worden. Aangezien dit een zeer schaalbaar proces is, maakt dit de
nanokristallen uitzonderlijk interessant voor nanotechnologie.
Goed begrip van de fysica van ladingstransport in collodale halfgeleidende quan-
tumdots is belangrijk voor de productie van op quantum dots gebaseerde compo-
nenten. Dit proefschrift laat zien hoe onderzoek met behulp van scanning tunneling
microscopie (STM) and spectroscopie (STS) kan bijdragen tot het vergroten van ons
begrip van de fysica van quantum dots. STM en STS zijn geschikte experimentele
technieken voor zowel het visualiseren als het karakteriseren op nanometerschaal.
Uiteindelijk zal de kennis die hiermee wordt opgedaan, gebruikt kunnen worden om
de macroscopische elektronische en optische eigenschappen van quantum dots te
verklaren.
Door kwantum inperking, hebben de nanokristallijne quantum dots discrete elek-
tronische niveaus. Ze worden om deze reden ook wel ”kunstmatige atomen”genoemd.
Deze elektronische energie niveaus liggen verder uit elkaar naarmate de quantum dot
kleiner is. Optische adsorptie, luminescentie en exciton spectroscopie worden dik-
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wijls gebruikt om de invloed van de grootte, vorm en de chemische samenstelling
van de dots op de optische overgangen te bepalen. Het is echter moeilijk om de
energieniveaus van de elektronen en gaten afzonderlijk te onderzoeken omdat bij
deze methoden onvermijdelijk gemeten wordt aan overgangen tussen twee niveaus,
in plaats van aan de individuele toestanden. Resonante tunneling spectroscopie
verschaft ons een manier om deze beperking te omzeilen, omdat hiermee de to-
tale toestandsdichtheid kan worden afgetast, in de afwezigheid van selectieregels
zoals die voor optische technieken wel van toepassing zijn. Daarom kan met deze
techniek unieke informatie verkregen worden over de elektronische eigenschappen
van het systeem op de relevante lengte schaal. We presenteren in dit proefschrift
een gedetailleerde STM en STS studie van de elektronische structuur van collodale
halfgeleidende CdSe quantum dots. We onderscheiden hierbij twee tunnel regimes:
schiltunnelend en schilvullend. In het schiltunnelende regime worden de afzonder-
lijke energie niveaus van dots gemeten, terwijl we in het schilvullende regime een
kwantitatieve schatting wordt gegeven van de Coulomb energie tussen twee aange-
brachte elektronen in het nanokristal.
Twee voorheen slecht begrepen fenomenen zijn de vorm en breedte van de waarge-
nomen geleidingspieken in de tunneling spectra van dit type systemen. In dit on-
derzoek hebben we gekeken naar de vorm van resonanties in scanning tunneling
spectroscopie gekoppeld aan de CdSe energie niveaus van een enkel deeltje. Door
het berekenen van de stroom door een niveau dat gekoppeld is aan lokale vibratietoe-
standen en door het afschatten van de invloeden van andere relevante fysische fac-
toren, hebben we een verklaring gevonden voor de breedte van de resonantiepieken.
Significante variaties in de vorm van de pieken en hun breedte als functie van de
grootte van de nanokristallen zijn te verklaren door polaron transport terwijl fluc-
tuaties in de tunnelstroom van grote invloed blijken op de lijnbreedte.
Collodale quantum dots kunnen zelfassembleren in dichtgepakte twee- en dried-
imensionale superroosters. Deze systemen worden dikwijls vergeleken met conven-
tionele, atomaire, vaste stoffen. In dit geval zijn het de nanokristallijne bouwstenen
die de functie van de atomen vervullen en is het de manier van stapeling die de een-
heidscel van het superrooster bepaalt. Dit geeft ons de mogelijkheid om de kwantum
inperking van de individuele dots te combineren met het coperatieve effect van een
vaste stof. Dit kan toegepast worden in nieuwe optische en elektronische componen-
ten. Doordat de verwachte grootte van de volgende generaties elektronische compo-
nenten snel afneemt, en daarvoor vereist is dat de actieve regio’s verkleind worden tot
enkele quantum dots is een nieuwe manier nodig om elektrische contacten te maken.
De karakteristieken van de elektrische contacten met de quantum dot lagen, dat wil
zeggen het tunneling contact tussen een macroscopisch metaal en een quantum sys-
teem, zijn waarschijnlijk van cruciaal belang voor het bepalen van de prestaties van
het component. Het elektrische veld ten gevolge van het aangebrachte potentiaal-
verschil tussen de contacten leidt tot het (kwantum inperking) Stark effect wat een
invloed heeft op de energien van de elektronische niveaus. Daarnaast zal het veld
de ruimtelijke vorm en de uitgestrektheid van de golffuncties in de nanokristallijne
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gastheer, en dus het tunnelcontact, benvloeden. We laten hier zien dat kwalitatieve
spectroscopie van de energie niveaus van de quantum dots mogelijk is zelfs in het
geval van quantum dot films van meerdere lagen dik mits het effect van de potenti-
aal verdeling over de tunnelbarrires en de quantum dot laag in beschouwing worden
genomen. We hebben ”selectieregels”gevonden voor STS in een tunneling junctie
met een dubbele barrire. Deze regels zijn gebaseerd op de ruimtelijke symmetrien
van de betrokken orbitalen. Voor toekomstige componenten zal controle nodig zijn
over de tunnelcontacten in termen van energie en de symmetrie van de golffunc-
ties, en zal het effect van elektrische velden ten gevolge van de contacten of lokale
onregelmatigheden in de quantumdot array niet verwaarloosd kunnen worden.
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